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SECTION  1 


INTRODUCTION 


Modern  high-performance  tactical  aircraft  have  required  increased  design  and 
development  costs  in  an  effort  to  produce  crucial  improvements  in  performance  of 
precision  flight  tasks  such  as  terminal  control  and  weapon  delivery..  Since  analysis  of 
these  precision  tracking  problems  depends  heavily  on  the  integration  of  the  pilot  and 
aircraft,  it  is  essential  to  consider  the  pilot's  dynamics  in  the  development  of  ana- 
lytical methods  to  support  and  augment  flight  test  and  flight  simulation  programs. 

With  accurate  and  reliable  pilot  - aircraft  performance  analysis  and  specification 
methods,  the  following  benefits  in  the  design  and  development  of  tactical  aircraft  can 
be  realized: 

• Improved  weapon  delivery  effectiveness. 

• Safer  operation  during  critical  flight  conditions. 

• Improved  pilot  acceptance. 

• Reduced  system  costs  through  improved  design  efficiency. 

A.  SCOPE  AND  PURPOSE  OF  REPORT 

In  order  to  help  realize  these  benefits,  Northrop  has  developed  and  validated  a 
time-domain  multiaxis  pilot  model  for  predicting  and  evaluating  precision  flying 
qualities.  This  model  is  now  developed  to  the  point  that  it  may  be  reliably  employed 
by  the  Air  Force  as  well  as  other  governmental  and  industrial  users.  There  are  five 
objectives  for  this  report: 

• Document  the  Urgency  Decision  Pilot  Model. 

• Develop  a comprehensive  approach  to  the  prediction,  evaluation  and 
specification  of  closed  loop  multiaxis  flying  qualities. 

• Illustrate  this  new  methodology  through  applications. 

• Formulate  the  method  in  a readily  employed  manner  for  a wide  range  of 
user  applications. 

• Suggest  further  areas  of  application  and  research. 

In  this  way,  the  report  will  constitute  an  account  of  the  time-domain  multiaxis 
pilot  modeling  approach  to  flying  qualities  analysis  and  provide  numerous  problem 
demonstrations.  New  research  performed  \mder  contract  includes  prediction  of  pilot 


reserve  attention,  the  evaluation  of  the  effects  of  control  system  lags  on  multiaxis 
precision  tracking,  and  a comparison  of  Gaussian  and  Reeves  non-Gaussian  turbulence 
models  employed  in  two-axis  attitude  stabilization  tasks.  Fixed-base  flight  simula- 
tions have  been  performed  to  validate  the  model  for  these  problems,  and  complete 
simulation  data  is  presented  along  with  a computer  program  user  guide. 

B.  PRECISION  PILOTED  FLYING  QUALITIES 

Although  there  are  numerous  examples  of  precision  flight  — ranging  from  air- 
to-ground  attack  to  in-flight  refueling  to  landing  — it  will  be  shown  that  all  such 
piloted  tasks  can  be  classified  according  to  the  nature  of  the  command  to  the  pilot,  the 
control  configuration  he  must  adopt,  and  the  criteria  by  which  he  and  the  flying  qual- 
ities analyst  judge  his  performance.  These  piloted  tasks  constitute  the  most  critical 
aspects  of  the  tactical  fighter  mission  as  performed  by  skilled  and  motivated  pilots. 

The  analysis  of  the  dynamics  of  the  pilot  considered  as  part  of  the  total  aircraft 
system  is  the  objective  of  employing  mathematical  descriptions  of  the  human  pilot. 
There  have  been  several  valuable  approaches  to  this  subject  via  frequency-domain  and 
optimal  control  theory.  Nevertheless,  there  have  been  limitations  and  drawbacks  that 
needed  to  be  overcome,  namely: 

• Lack  of  generality  in  aircraft  description. 

• Lack  of  models  for  pilot  decision  and  time-varying  abilities. 

• Difficult  mathematical  procedures  for  exercising  the  models. 

These  limitations  have  been  overcome  by  use  of  time-history  simulation  as 
a model  context,  and  the  development  of  pilot  decision  logics  that  are  directly 
mechanized.  This  is  the  basis  of  the  Urgency  Decision  Pilot  Model. 

C.  URGENCY  DECISION  PILOT  MODEL 

Owing  to  the  complexity  of  current  tactical  fighter  control  systems,  it  is  neces- 
sary to  model  the  system  by  digital  simulation  for  control  analysis  and  design.  This 
is  now  a common  and  accepted  practice.  This  tq^roach  must  also  be  taken  to  study 
the  piloted  aircraft,  so  that  it  is  necessary  to  develop  simulation  pilot  models. 
Fortunately,  describing-function  pilot  models  work  well  in  simulations  of  single- 
axis time  -invariant  tracking  problems.  The  problem  then  becomes:  Can  single- 
axis pilot  models  be  extended  to  realistic  multiaxis  tracking,  and  if  so,  is 
anything  gained? 
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The  answer  to  both  questions  is  yes.  It  is  well  known  that  pilots  share  their 
attention  between  lateral  and  longitudinal  tracking  tasks,  and  in  addition  allocate 
attention  for  instrument  scanning  and  other  cockpit  chores.  This  allocation  of  ac- 
tivity can  be  characterized  in  terms  of  relative  task  urgency,  and  the  development 
of  these  "urgency  functions"  is  the  key  to  the  urgency  decision  model.  In  addition 
to  providing  a simple  method  that  can  be  used  in  conjunction  with  existing 
aircraft  models  and  flight  simulators,  the  method  has  identified  important  flying 
qualities  dynamic  effects  related  to  the  interference  of  one  task  by  the  attention 
demands  of  another.  For  this  reason,  multiaxis  flying  qualities  — which  studies 
the  complete  piloted  task  - is  a larger  and  more  comprehensive  subject  than  the 
study  of  single-axis  time-invariant  problems. 

D.  PREDICTION  AND  EVALUATION  OF  FLYING  QUALITIES 

Analysis  and  flight  simulation  data  for  a number  of  precision  flight  tasks  are 
illustrated  in  the  following  Sections  of  the  report.  In  each  case  (with  the  exception 
of  the  YF-17  validation  study  where  the  aircraft  model  cannot  be  reported)  the  dis- 
cussion is  complete  in  model  description  so  the  reader  who  wants  to  become  famil- 
iar with  the  use  of  this  method  can  easily  recalculate  the  model  predictions.  In 
particular,  the  following  items  have  been  selected: 

• Single-  and  two-axis  attitude  stabilization  in  turbulence. 

• Analysis  of  relative  display  sensitivity  on  two-axis  tasks. 

• Analysis  of  task  interference  effects. 

• Self-generated  VTOL  hover  task. 

• Two-axis  command  tracking  with  varied  plant  dynamics. 

• Two- axis  command  tracking  with  unstable  plant. 

• Target  tracking  with  visual  delays  and  side  task. 

• Prediction  of  critical  task  performance. 

• Prediction  of  pilot  reserve  attention. 

• Prediction  of  step  target  tracking  performance. 

• Analysis  of  control  system  lags  in  two-axis  tracking  tasks. 

• Comparison  of  Gaussian  and  non-Gaussian  (Reeves)  turbulence. 

In  addition  to  the  discussion  of  these  problems,  there  is  analysis  of  the  nature  of 
pilot  workload,  and  the  demonstration  that  pilot  ratings  are  highly  correlated  with 
multi-dimensional  performance  measures.  These  examples  will  illustrate  the 
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application  of  the  urgency  decision  model  to  the  analysis  of  all  precision  piloted  flying  j 

qualities  that  can  be  comprehensively  classified  by  the  scheme  mentioned  above,  ] 

4 

E.  SPECIFICATION  OF  FLYING  QUALITIES 

In  order  for  a candidate  specification  item  to  be  accepted  into  MIL-F-8785B,  it  ) 

must  satisfy  a number  of  conditions  that  guarantee  unbiased  yet  discriminating  ability 
of  the  item  to  ensure  performance  as  well  as  pilot  acceptance.  There  are  two  methods  i 

presented  for  flying  qualities  specification  that  meet  these  criteria: 

• Specification  of  target  tracking  by  means  of  step  target  tracking. 

• Specification  of  pilot  reserve  attention  capacity. 

F.  A READER’S  GUIDE  TO  THE  REPORT  i 

Although  a thorough  reading  of  the  report  is  required  for  the  reader  to  obtain  a 
working  knowledge  of  the  Urgency  Decision  Pilot  Model  and  its  application  to  flying  j 

qualities,  it  is  useful  to  suggest  a more  modest  introduction  to  these  methods.  The 


following  suggested  Sections  will  provide  this: 

Section  Page 

I.  Introduction  1 

II.  Precision  Piloted  Flying  Qualities  5 

III.  The  Urgency  Decision  Pilot  Model  11 

rv  F.  Target  Tracking  with  Visual  Delays  and  Side  Task  91 


The  background  provided  by  these  Sections  is  sufficient  for  an  understanding  of 
all  other  applications  in  the  report.  A summary  of  all  topics  discussed  is  presented 
in  Section  VIII,  page  201. 
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Sf:CTION  II 


K PRECISION  PILOTED  FLYING  QUALITIES 


One  of  the  objectives  of  this  report  is  to  present  a comprehensive  approach  to 
the  prediction,  evaluation,  and  specification  of  closed  loop  multiaxis  flying  qualities.  , 

To  do  this,  it  is  necessary  to  classify  precision  piloted  tasks  in  a way  that  lends  itself 
to  straightforward  applications  of  the  Urgency  Decision  Pilot  Model.  This  Section 
will  postulate  such  a classification,  and  Section  III  will  present  the  general  model  that 

I 

can  be  adapted  to  any  precision  task  that  falls  into  the  classification.  i 


A.  PRECISION  PILOTED  TASKS  IN  FLYING  QUALITIES  EVALUATION 

Precision  piloted  tasks  are  the  most  important  mission  components  of  tactical 
aircraft.  Landing,  in-flight  refueling,  and  dive  bombing  are  obvious  examples,  and 
although  combat  maneuvering  may  not  count  as  a precision  tracking  task,  accurate 
weapon  delivery,  once  conversion  has  been  achieved,  is  the  intended  mission  objective. 
Since  these  tasks  are  all  performed  under  conditions  where  survival  and  safety  are  of 
great  concern,  only  pilots  that  are  highly  trained  undertake  them.  And  when  they  do 
so,  they  are  highly  motivated  to  perform  their  best.  For  this  reason,  it  is  important 
to  develop  pilot -aircraft  analysis'methods  that  represent  this  well-trained  and  moti- 
vated pilot  behavior.  Consider  these  examples  in  closer  detail: 

Landing:  To  perform  this  task,  the  pilot  must  control  a number  of  system 

variables  including  altitude,  rate  of  descent,  heading,  touchdown 
point,  angle  of  attack,  and  airspeed.  In  addition,  there  are  other 
cockpit  duties  that  must  be  performed.  Control  strategies  are 
adopted  by  the  pilot  for  each  of  these  control  requirements,  and  his 
performance  is  measured  In  terms  of  the  precision  with  which  the 
intended  glide  path  is  maintained. 

In-Flight  Refueling:  To  be  successful,  the  pilot  must  maintain  fixed 

position  relative  to  the  tanker  aircraft.  Thus  he  must  track  a point 
moving  in  front  of  him,  often  in  the  presence  of  turbulence  and  pilot 
induced  disturbances.  Performance  is  measured  in  terms  of  the 
proba  jlllty  of  staying  within  a certain  distance  of  the  commanded 
point. 

Dive  Bombing:  Once  a target  has  been  identified,  the  pilot  must  establish  a 

glide  slope,  and  track  a number  of  dynamic  and  geometric  variables 
to  arrive  at  the  correct  release  point  and  flight  condition.  During 
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the  few  seconds  of  precise  tracking,  the  pilot  may  adopt  time-varying 
control  strategies.  Performance  is  measured  by  circular  impact 
error,  or  by  an  error  prediction  formula  in  simulation  and  analysis 
studies. 

There  are  three  aspects  that  these  examples  have  in  common.  First  of  all,  the 
pilot  identifies  a number  of  geometric  or  dynamic  quantities  that  have  to  be  controlled: 
glide  slope  errors  must  be  zeroed,  a spatial  position  error  must  be  corrected,  or  a 
bomb  release  condition  variable  such  as  airspeed  must  be  reached.  This  points  out 
that  in  a given  mission,  there  may  be  a number  of  simultaneous  control  tasks  that  the 
pilot  must  perform.  The  second  aspect  is  a consequence  of  the  first.  Once  the  control 
tasks  have  been  identified,  the  pilot  must  adopt  control  strategies  that  allow  him  to 
meet  all  objectives.  During  landing,  for  example,  changes  in  heading  are  produced 
by  rolling  the  aircraft,  but  at  the  same  time  roll  angle  must  itself  be  stabilized.  The 
final  aspect  concerns  mission  performance  evaluation.  There  are  two  distinct  methods. 
The  first  is  to  obtain  subjective  evaluation  from  the  pilot  in  terms  of  Ctooper-Harper 
pilot  ratings  and  associated  pilot  comments.  The  second  is  to  monitor  geometric  and 
dynamic  variables  and  record  statistics  based  upon  them. 


B.  CLASSIFICATION  OF  PRECISION  PILOTED  FLIGHT  TASKS 


It  is  postulated  here  that  all  precision  flight  tasks  can  be  classified  by  means  of 
the  above  three  characteristics.  For  convenience,  they  are  summarized  in  Figure  1. 


1)  TASK  - This  is  defined  to  be  the  complete  set  of  mission  objectives  ex- 

pressed in  terms  of  geometric  or  dynamic  variables  that  the  pilot 
manipulates  attempting  to  minimize  certain  quantities,  reach 
specified  values,  or  satisfy  inequality  constraints. 

2)  CONTROL  - This  is  defined  to  be  tne  complete  set  of  control  strategies 

that  the  pilot  adopts  In  order  to  meet  each  objective  as  specified 
in  the  TASK. 

3)  EVALUATION  - This  is  defined  to  be  the  set  of  all  data  that  determines 

how  well  the  TASK  has  been  performed  using  a given  CONTROL. 
This  data  may  include  subjective  pilot  opinion  as  well  as  control 
and  performance  statistics.  Interpretation  of  these  data  then  can 
be  used  to  evaluate  how  well  the  CONTROL  performed  the  TASK. 


Figure  1.  Characteristics  of  Precision  Flight  Tasks 

Any  flight  phase  that  can  be  characterized  In  terms  of  the  items  defined 
in  Figure  1 is  called  a precision  flight  task.  To  see  in  more  detail  the  range  of 
TASK,  CONTROL,  and  EVALUATION,  a comprehensive  outline  of  tactical  applications 
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is  presented  next.  The  items  listed  in  the  outline  are  generic  characteristics  that  can 
be  used  to  classify  any  particular  precision  flight  task.  This  is  given  in  Figure  2. 

The  classification  of  Figure  2 can  be  used  in  the  following  way:  Given  a flying 
qualities  evaluation  problem  to  be  studied  through  the  predictive  analysis  methods 
presented  in  the  next  Section,  every  aspect  of  the  pilot's  activity  can  be  classified. 
Once  the  problem  is  fully  described  in  these  terms,  the  model  can  then  be  applied. 

In  this  way,  the  model  constitutes  a unified  and  comprehensive  prediction  and 
evaluation  method  for  precision  flying  qualities  as  defined  above. 

In  order  to  demonstrate  the  diversity  of  the  flying  qualities  applications  covered 
in  this  report,  the  classification  characteristics  of  the  list  presented  in  the 
Introduction  are  given  in  Figure  3. 
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TASK 


'0 

I 


1 


I 


I 

I 


L 


• Command  or  Pursuit  Tracking 

Random  command 

Discrete  or  deterministic  command 
Maneuvering  target 
Terminal  control  target 
Finite  tracking  time 

• Stabilization 

Gaussian  turbulence 
Non-Gaussian  turbulence 
Aerodynamic  disturbances 
Pilot -induced  disturbances 

• Monitoring 

Instrument  scan 
Cockpit  chores 

CONTROL 

• Single- Axis  Tracking 

• Multiaxis  Tracking 

• Side  Task  (Tracking) 

• Side  Task  (Diversion) 

• Time-Varying  Control 

• Human  Factors  Effects 

Perception 
Motion  cues 
Controller  actuation 
Acceleration  environment 

EVALUATION 


• Pilot  Subjective  Data 

Cooper-Harper  pilot  ratings 
Pilot  comments 

• Mean  and  rms  Statistics 

• Integral  Average  Error 

• Statistics  of  Derived  Performance  Measures 

Dive  bombing  error  Impact  equation 
Air-to-air  gunnery  miss  distance  estimation 
Pilot  rating  estimators 
Time-on-target,  -on-glideslope,  etc. 

• Pilot  Model  Parameters 

Compensation  gain  and  lead 
Task  dwell  fractions 
Task  mean  control  period 

• Task  Interference  Effects 

• Multi- Parameter  Flying  Qualities  Evaluation 


Figure  2.  Generic  Classification  of  Precision  Task  Components 
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TRACKING  COMMAND 
RANDOM  COMMAND 
MANEUVERING  TARGET 
DISCRETE  MANEUVERING  TARGET 
FINITE  TRACKING  TIME 

STABILIZATION 

GAUSSIAN  TURBULENCE 
NON-GAUSSIAN  TURBULENCE 
PILOT  GENERATED  DISTURBANCES 


CONTROL 

SINGLE-AXIS  TRACKING 
MULTIAXIS  TRACKING 
SIDE  TASK  (TRACKING) 
SIDE  TASK  (DIVERSION) 
TIME  VARYING  CONTROL 


EVALUATION 
RMS  STATISTICS 
INTEGRAL  AVERAGE  ERROR 
DWELL  FRACTIONS 
MEAN  CONTROL  PERIOD 
TIMEONTARGET 
TASK  INTERFERENCE  EFFECTS 
VISUAL  PERCEPTION  EFFECTS 
MULTI-PARAMETER  EVALUATION 


Figure  3.  Classifications  of  Applications  in  This  Report 


SECTION  III 


THE  URGENCY  DECISION  PILOT  MODEL 

Section  II  was  devoted  to  the  definition  and  classification  of  precision  piloted 
tasks.  Before  the  Urgency  Decision  Pilot  Model  is  presented,  it  is  necessary  first  to 
define  what  pilot  models  are,  and  indicate  exactly  what  aspects  of  pilot  activity  they 
are  purported  to  model. 

A.  DEHNITION  OF  STATISTICAL  AND  DYNAMICAL  PILOT  MODELS 

ITiere  are  three  main  reasons  why  methods  of  analyzing  piloted  aircraft  are  of 
use:  1)  to  increase  the  likelihood  that  an  aircraft  being  designed  or  developed  has 
good  flying  qualities,  2)  to  improve  or  study  the  modification  of  existing  aircraft,  and 
3)  to  aid  in  identifying  and  correcting  specific  flying  qualities  deficiencies.  Flight 
test  and  flight  simulation  are  also  employed  for  these  purposes,  but  analytical 
methods  have  several  advantages.  Large  analytical  surveys  can  be  carried  out  to 
screen  candidate  aircraft  at  much  lower  cost  than  experimental  methods,  and  in  addi- 
tion can  lead  to  measurements  that  are  difficult  to  obtain  from  piloted  flight  or  flight 
simulation. 

In  order  to  understand  how  an  analytical  method  can  substitute  for  or  reinforce 
experimental  testing,  consider  a given  precision  flying  qualities  problem  classified  as 
discussed  in  Section  II  in  terms  of  TASK,  CONTROL,  and  EVALUATION.  In  the  test 
program,  the  TASK  and  the  EVALUATION  parameters  are  assigned;  the  human  pilot 
supplies  the  CONTROL.  For  an  analytical  pilot  model  — aircraft  approach,  the  same 
TASK  and  EVALUATION  parameters  must  be  used,  but  a mathematical  description  of 
the  CONTROL  must  be  supplied.  This  CONTROL  description  is  what  is  meant  by  a 
pilot  model.  Since  the  pilot  is  a self-adjusting  and  self-motivating  part  of  the  piloted 
aircraft,  adjustment  and  operation  methods  must  also  be  included  in  the  pilot  model  — 
aircraft  analysis  method.  One  of  the  main  topics  of  this  report  is  the  application  of 
the  Urgency  Decision  Pilot  Model  to  a number  of  flying  qualities  problems,  but 
in  order  to  see  how  this  model  constitutes  a comprehensive  analysis  method,  the  fol- 
lowing definition  is  offered: 
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Definition;  The  Urgency  Decision  Pilot  Model  is  a rule  that,  given  a simulation 

model  of  an  aircraft  along  with  the  pilot's  TASK  and  an  EVALUATION 
as  defined  in  Section  11,  assigns  the  following  three  items: 

1)  The  system  configuration  of  multiaxis  pilot  CONTROL. 

2)  The  method  for  adjusting  the  CONTROL  model  coefficients. 

3)  The  method  for  obtaining  the  performance  Indices  required  by  the 
EVALUATION. 

In  this  way,  the  Urgency  Decision  Pilot  Model  can  be  thought  of  as  a function  that 
maps  flying  qualities  problems  into  numbers  that  measure  the  performance  of  the  pilot 
model  — aircraft  system.  The  usefulness  of  this  method  depends  on  its  practicality  and 
utility.  More  specifically,  it  will  be  shown  that: 

• The  model  is  extremely  easy  to  program  and  append  to  existing 
simulations. 

• All  nonlinearities  and  time-varying  quantities  can  be  modeled  without  resort 
to  equivalent  models. 

• The  Urgency  Decision  Pilot  Model  will  assign  a specific  model  for  any 
combination  of  TASK  and  EVALUATION  classified  in  Figure  2. 

• The  model  is  validated  for  a large  number  of  TASK  and  EVALUATION 
generic  descriptions  as  shown  in  Figure  3. 

It  is  natural  to  compare  the  Urgency  Decision  Pilot  Model  with  the  frequency- 
domain  and  optimal  control  pilot  models.  The  use  of  the  time-history  simulation 
context  not  only  allows  greater  flexibility  in  the  aircraft  descriptions,  but  also  as 
discussed  next,  allows  the  examination  of  many  pilot  decision  and  dynamic  activities. 
These  advantages  are  further  enhanced  by  the  ability  to  generate  many  kinds  of 
performance  measures  that  are  based  on  inequality  tests  and  nonlinear  functions. 

These  advantages  are  briefly  summarized  in  Figure  4. 

In  order  to  see  the  advantages  of  this  generality  of  the  pilot  model,  It  Is  necessary 
to  discuss  the  extent  of  pilot  activity  that  the  models  are  Intended  to  represent.  From 
the  above  definitions  It  should  be  clear  that  the  modeling  is  generated  by  the  TASK  and 
the  EVALUATION,  and  depending  on  the  problem  at  hand,  the  model  may  be  either 
statistical  or  dynamical. 

If  the  EVALUATION  items  refer  only  to  statistics  of  the  aircraft  motions  during 
the  performance  of  the  TASK,  the  model  generates  statistical  data  that  predicts  what 
actual  piloted  performance  can  be  expected  to  result.  In  such  problems,  there  is  no 
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TIME  HISTORY 

URGENCY  DECISION  PILOT  MODEL 

PILOT  MODEL 

MODELS  ALL  FORMS  OF  ATTENTION 
ALLOCATION  ACTIVITY  ALONG  WITH 
NONLINEAR  PERCEPTION,  CONTROL- 
LER ACTUATION  CHARACTERISTICS 
AND  RAPIDLY  CHANGING  PILOT 
CONTROL  STRATEGIES. 

ERROR 

CRITERIA 

EASILY  HANDLES  ALL  CRITERIA 
INCLUDING  ROOT-MEAN-SOUARE, 
ABSOLUTE  ERROR,  INTEGRAL  TIME 
ABSOLUTE  ERROR,  ARBITRARILY 
WEIGHTED  ERROR,  TIME  SPENT 

WITHIN  LIMITS. 

GROSS  SYSTEM 
NONLINEARITIES 

CAN  ALWAYS  DIRECTLY  MODEL 
NONLINEAR  AERODYNAMICS, 

EXOTIC  CONTROL  SYSTEMS,  HUMAN 
FACTORS  EFFECTS. 

PROCESS 

GAUSSIAN  AND  NONGAUSSIAN  SUCH 

AS  DISCRETE  COMMANDS,  "OPEN 

LOOP"  MANEUVERS,  REEVES  OR 

JONES  NONGAUSSIAN  TURBULENCE. 

DISCRETE 

MANEUVERS 

COMMANDED  TRAJECTORIES  AND 
MANEUVERS  CAN  ALWAYS  BE 
MODELED. 

UNCORRELATED 

INPUTS 

UNCORRELATED  P,  V,  W,  AND  U 

GUSTS  ARE  EASILY  GENERATED 

ALONG  WITH  UNCORRELATED 

MODELS  OF  PILOT  REMNANT, 

BUFFET,  GUN  Rl.'.CTION,  AND 

SENSOR  NOISE  AS  REQUIRED. 

COMPUTING 

INEXPENSIVE  TO  COMPUTE  AND 

EASY  TO  PROGRAM  FOR  A LARGE 
VARIETY  OF  PROBLEMS. 

Figure  4.  Urgency  Decision  Pilot  Model  Advantages 

concern  about  whether  the  pilot  model  actually  represents  the  physical  and  logical 
processes  that  a human  pilot  actually  adopts  in  his  selected  CONTROL.  Such  models 
are  called  statistical. 

On  the  other  hand,  it  frequently  is  of  Interest  to  examine  how  the  pilot  carries 
out  the  flight  phase.  For  such  problems,  the  EVALUATION  selected  by  the  flying 
qualities  analyst  will  contain  items  relating  to  the  pilot's  compensation:  demands  of 
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competing  tasks  for  his  attention  in  terms  of  how  long  on  the  average  he  controls  each,  j 

to  what  extent  the  tasks  Interfere  with  one  another,  and  what  margin  of  attention  reserve  ' 

the  pilot  has  available  for  emergency  operation.  These  evaluation  items  refer  not  just  i 

4 

to  the  aircraft  motions,  but  to  numerically  definable  and  measureable  quantities  that  l 

correspond  to  the  pilot's  actual  physical  and  mental  activity.  Such  models  are  referred  i 

to  as  dynamical  even  though  they  are  exercised  to  produce  statistical  measures  of  pilot  ^ 

activity. 

Such  definition  of  statistical  and  dynamical  can  also  be  applied  to  specific  pro-  i 

gramming  components  of  the  full  multiaxis  pilot  model.  If  a component  represents  the  | 

• 1 

physical  activity  of  the  pilot  then  the  model  can  be  used  to  examine  the  dynamic  char- 
acteristics of  that  activity  and  will  be  called  a dynamical  pilot  model  component.  If  the 
programming  only  leads  to  good  statistical  predictions  of  the  closed  loop  performance,  j 

then  that  part  of  the  model  is  called  a statistical  pilot  model  component.  In  this  way, 
the  full  models  that  are  discussed  later  in  this  report  consist  of  both  dynamical  and  j 

statistical  model  components.  J 

If  one  wishes,  for  example,  to  evaluate  how  well  a pilot  will  perform  glide  slope  < 

control  using  a small  cathode  ray  tube  (CRT)  display,  a statistical  model  could  be  'I 

I 

used  that  injects  noise  to  model  visual  perception  limitations  of  the  pilot.  If  the  ef-  i 

fects  of  visual  perception  limitations  such  as  visual  deadband  on  glide  slope  tracking  ‘ 

are  to  be  analyzed,  then  the  deadband  must  be  dynamically  modeled  using  decision  i 

logic  to  represent  whether  or  not  the  pilot  and  hence  the  pilot  model  observe  the  ' 

tracking  errors.  Dynamic  modeling  of  pilot  CONTROL  is  most  important  for  multi-  . 

axis  tracking  tasks.  The  use  of  decision  logic  incorporated  into  the  pilot  models  as- 
signed by  the  Urgency  Decision  Pilot  Model,  References  1-3,  is  the  model  feature 
that  will  be  most  prominent  in  the  application  examples  presented  in  this  report.  ' 

I 

B.  PRINCIPLES  OF  HUMAN  OPTIMALITY  AND  HUMAN  DYNAMIC  LIMITATIONS 

The  discussion  above  has  been  limited  to  the  definition  of  pilot  models  and  their 
dynamical  and  statistical  attributes.  It  is  the  purpose  of  this  Subsection  to  state  the 
principles  by  which  pilot  model  components  a’‘e  derived  along  with  the  way  in  which  they 
are  adjusted. 

The  most  fundamental  aspect  of  manual  control  concerns  the  performance  of 
highly  trained  and  motivated  pilots.  A large  amount  of  data  dating  back  many  years 
supports  the  proposition  that  pilots  perform  in  an  optimum  manner  with  respect  to 
specified  performance  measures,  subject  to  limitations  of  plant  dynamics  and  human 
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capability.  The  exact  interpretation  of  "optimum"  depends  on  the  context  of  the  model. 
In  frequency-domain  models  "optimum"  is  interpreted  as  optimum  gain,  lead,  and  lag 
for  a continuous  linear  control  compensation  subject  to  an  inherent  human  time  delay 
and  neuromuscular  lag.  In  this  case,  model  predictions  are  obtained  by  optimizing 
the  model  coefficients  with  respect  to  some  performance  measure  based  on  tracking 
error.  For  continuous  single-axis  time-invariant  tasks,  frequency-domain  methods  can 
be  used  to  validate  these  statistical  models  and  show  that  not  only  rms  tracking  scores, 
but  also  gain  and  phase  characteristics  obtained  through  spectral  analysis  agree  well 
between  the  model  and  the  flight  simulation  data. 

Further  refinement  in  modeling  the  "optimum"  performance  of  the  human  pilot 
was  made  with  the  development  of  the  optimal  control  approach  to  pilot  modeling. 
Optimal  control  techniques  are  employed  to  calculate  the  optimal  performance  with 
respect  to  quadratic  performance  measures.  Again,  this  approach  agrees  well  with 
flight  test  and  simulation  data  from  which  the  human  pilot's  dynamics  have  been  re- 
covered using  parameter  identification  methods.  These  frequency-domain  describing- 
function  and  optimal  control  models  are  described  in  References  4 and  5. 

In  both  the  frequency-domain  describing-function  and  the  optimal  control  pilot 
models,  the  optimization  of  the  model  is  through  the  choice  of  coefficients  that  deter- 
mine the  optimum  linear  control  compensation.  In  other  words,  the  optimum  compen- 
sation is  obtained  by  choosing  from  a set  of  linear  functions.  When  it  comes  to  the 
consideration  of  TASKS  that  consist  of  a number  of  tracking  tasks,  instrument  scanning, 
and  other  chores,  the  dynamic  description  of  the  pilot  becomes  much  more  complicated 
than  the  linear  continuous  models. 

For  such  general  problems,  limitations  exist  in  the  pilot's  capacity  to  observe 
many  quantities,  calculate  appropriate  control  corrections,  and  carry  out  the  control 
procedures  simultaneously.  This  forces  the  pilot  to  adopt  a method  of  attention  shar- 
ing in  which  he  passes  from  task  to  task,  devoting  his  attention  where  it  is  most  re- 
quired. In  this  way,  decision  logic  and  measures  of  task  urgency  become  involved  in 
the  model  description  of  CONTROL.  Much  data  presented  in  Sec*Jion  IV  indicates  that 
these  measures  of  task  urgency  are  nonlinear  in  nature,  thus  the  optimization  of  the 
pilot  model  must  be  made  over  a more  general  set  of  functions  than  linear  continuous 
compensation.  The  span  of  this  set  of  functions  is  yet  to  be  determined,  but  indica- 
tions from  available  flight  simulation  and  model  data  justify  the  following  principle: 
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Principle  of  Human  Optimality  Given  a precision  flight  TASK  and  EVALUA.TJON,  the 
human  pilot  with  training  and  motivation  will  adopt  an  optimized  CON- 
TROL composed  of  one  or  more  of  the  following: 


?i  K'iV 


1) 

2) 


Linear  piecewise-continuous  compensation  of  specific  state 
variables.  ' ' ' 

Nonlinear  piecewise-continuous  compensation  of  specific  state 
variables. 


3)  Discrete  control  inputs  including  "no  operation"  and  "control 
hold. " 

* • f ■' 

4)  Pulse  or  bang-bang  control. 

5)  Instrument  scanning  and  other  required  activities  which  are  se- 
lected according  to  decision  processes  based  on  subjective  mea- 
sures of  task  urgency,  and  available  control  strategy.  > * 


To  utilize  this  principle  as  stated  for  the  human  pilot  as  a means  of  suggesting 
the  forms  of  pilot  models  along  with  their  rules  of  adjustment  and  use,  it  is  neces- 
sary  to  examine  the  restrictions  that  limit  human  performance.  The  above  principle 
implicitly  incorporates  these  restrictions,  for  the  trained  and  motivated  human  has 
adopted  ways  of  minimizing  these  limitations:  , 

t X , , 

Principle  of  Human  Dynamic  Limitations  Given  a precision  flight  TASK  and 

EVALUATION,  the  human  CONTROL  contains  at  least  the  following 

limitations: 

1)  Limited  visual  resolution.  • 

2)  Visual  position  and  rate  thresholds. 

• • . I 

3)  Visual  fixation  time. 

4)  Visual  image  perception  delay. 

5)  Proprioceptive  perception  threshold  and  resolution. 

6)  Delay  during  information  processing  that  includes  all  decision, 
estimation,  and  control  correction  generation. 

7)  Limited  motor  information  channel  restricting  simultaneous  con- 
trol output. 

8)  Neuromuscular  dynamics,  response  time,  and  resolution. 

The  implementation  of  these  two  principles  is  best  done  by  means  of  time-history 
simulatio"  ?n  order  to  preserve  for  examination  the  flying  qualities  effects  of  the 
pilot's  num  rous  non  linearities,  time-varying  compensation,  and  decision  logic.  To 
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this  enfl  the  Urgency  Decision  Pilot  Model  has  been  developed  along  the  lines  of  dy- 
namic modeling  as  defined  above.  The  specific  model  components  that  achieve  this 
will  Ije  presented  in  the  next  few  Subsections. 

C.  SINGLE-AXIS  PILOT  MODELS 

Although  this  Subsection  will  consider  only  precision  tasks  in  which  the  pilot  is 
tracking  only  one  variable,  the  information  presented  here  will  be  applicable  to  the 
complete  model.  (The  urgency  decision  multiaxis  model  will  perform  tracking  tasks 
sequentially,  each  of  which  can  be  controlled  by  single-axis  models  during  their  allo- 
cated control  periods. ) 

As  pointed  out  above,  there  are  two  kinds  of  pilot  model  components,  dynamical 
and  statistical.  The  importance  of  dynamic  components  depends  on  the  nature  of  the 
TASK  and  the  EVALUATION;  for  many  problems  it  is  sufficient  to  employ  statistical 
components.  This  is  the  case  for  many  single-axis  problems  as  well  as  for  single- 
axis compensations  employed  in  the  modeling  of  a multiaxis  CONTROL. 

For  single-axis  problems  where  the  EVALUATION  is  concerned  with  the  statis- 
tics of  the  aircraft's  performance  — target  tracking  error  or  excursions  from  a com- 
manded attitude  in  turbulence,  for  example  — describing-function  pilot  models  have 
been  shown  to  be  accurate.  Perhaps  the  best  general  reference  is  the  survey  by  McRuer 
and  Krendel,  Reference  4,  with  which  the  reader  who  intends  to  apply  the  methods  of 
this  report  should  become  acquainted.  Data  to  support  the  hypothesis  that  describing- 
function  pilot  models  are  accurate  predictors  of  aircraft  motion  statistics  is  presented 
frequently  in  Sect'on  IV  whenever  single-axis  continuous  tracking  data  is  discussed. 

It  is  the  authors'  belief  that  dynamic  consideration  of  single-axis  flying  qualities 
is  of  importance.  Much  simulation  data  indicates  that  in  multiloop  control  the  pilot 
may  operate  in  a time-varying  manner,  probably  involving  decision  logic.  This  pos- 
sibility and  others  relating  to  pilot  subjective  evaluation  have  been  considered  by  Ralph 
Smith,  Reference  6.  It  is  likely  that  his  approach  to  single-axis  continuous  problems 
will  provide  important  dynamic  models  that  can  be  incorporated  into  the  Urgency  De- 
cision Pilot  Model  presented  in  this  study.  Since  the  topics  covered  in  Sections  IV- 
VII  are  concerned  mainly  with  statistical  tracking  performance  EVALUATION  of  the 
multiaxis  task,  there  is  no  penalty  for  the  use  of  describing-function  compensation  on 
each  task,  and  in  fact,  this  is  the  practical  way  to  study  these  problems.  This  assump- 
tion that  the  statistical  gain-lead-delay  compensation  components  do  not  significantly 
interfere  with  the  dynamic  multiaxis  components  is  consistent  with  the  data  presented 
in  Sections  IV  — VII. 
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There  are  three  parts  to  the  single-axis  pilot  model  to  be  discussed:  visual 
and  motion  perception  effects,  the  generation  of  the  control  command,  and  the  actua- 
tion of  the  controller. 

Visual  and  Motion  Perception  Effects 

Statistical  models  for  visual  and  proprioceptive  perception  effects  are  frequently 
employed.  This  is  done  by  adding  Gaussian  white  noise  to  the  pilot  model  input, 
which  is  the  tracking  error.  The  amount  of  this  noise,  which  often  is  taken  to  in- 
clude controller  and  processing  noise,  varies  with  the  problem.  If  the  display  or  the 
controller  has  poor  resolution  for  the  pilot,  then  the  amount  of  this  noise,  called  rem- 
nant in  most  references,  is  significant  and  must  be  calibrated  by  an  experimental  pro- 
cedure, or  estimated  from  existing  data.  If  a pilot  model  has  been  validated  for  the 
problem,  then  the  remnant  level  can  be  estimated  by  matching  the  model  to  the  data. 

There  is  another  method  for  remnant  calibration  that  is  useful  where  pilot  rem- 
nant is  the  only  disturbance.  The  method  is  essentially  Archimedean,  and  the  way  it 
was  developed  is  as  follows:  If  a pilot's  actual  remnant  were  an  accessible  quantity, 
the  remnant  amplitude  could  be  altered.  Thus  one  could  determine  the  unknown  rem- 
nant level  simply  by  turning  it  down  until  the  system  error  vanishes;  the  amount  of  re- 
duction would  be  equal  to  the  original  remnant.  A second  glance  reveals  that  one 
doesn't  need  to  turn  the  pilot's  remnant  down  “ the  slope  of  the  line  and  the  point  of 
the  unaltered  performance  will  suffice  to  determine  the  intercept  at  zero  tracking 
error.  At  this  point  it  becomes  apparent  that  the  pilot's  remnant  can  be  increased 
experimentally  by  adding  noise  of  the  right  spectral  shape  to  his  output,  then  by  mea- 
suring the  change  in  tracking  performance,  the  slope  can  be  found.  This  method  is 
diagrammed  in  Figure  5.  Actual  data  obtained  by  this  method  is  reported  in 
Reference  1. 

Where  visual  error  and  error  rate  indifference  thresholds  dominate,  these  thres- 
holds can  be  programmed  into  the  model  as  logical  tests.  If  t represents  error  and 
€ error  rate,  then  the  visual  model  is  represented  by  the  following  test  based  on  the 

threshold  values  « and  « : 

o o 

If  t > < Q.  then  € is  observed  by  the  model. 

If  < < < , then  no  error  is  observed  by  the  model, 
o 
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If  ( =»  < Q»  then  ( is  observed  by  the  model. 

If  e - f Q.  then  no  error  rate  is  observed  by  the  model. 

where  "observed  by  the  model"  will  be  made  clear  shortly.  An  example  of  error 
threshold  is  presented  in  the  discussion  of  the  validation  of  the  model,  Section  IV  B. 

If  the  display  is  such  that  there  are  significant  errors  in  reading  or  estimating  the 
correct  value,  then  a statistical  distribution  of  error  can  be  added  to  the  value  ob- 
served by  the  pilot  model;  the  standard  deviation  of  the  reading  error  must  be  experi- 
mentally determined  or  estimated  from  existing  data. 


TRACKING  ERROR 


Figure  5.  Remnant  Model  Calibration  Method 

The  dynamic  characteristics  of  physical  motion  can  also  be  incorporated  into 
the  model  in  a manner  similar  to  the  visual  perception  effects.  Reference  7 presents 
motion  cue  models  first  identified  by  Young.  There  is  much  current  research  into 
motion  effects;  when  complete  it  should  furnish  the  components  to  extend  the  model 
presented  here  to  include  visual,  proprioceptive,  and  kinesthetic  cues. 

Pilot  Control  Compensation 

The  discussion  presented  here  will  consider  statistical  models  of  a particularly 
simple  kind,  the  fixed-form  gain-lead-delay  describing  function  model.  If  ^ repre- 
sents observed  e , and  i represents  observed  e , then  the  basic  model  is  of  the  form 
shown  in  Figure  6.  It  defines  a single-loop  control  command  6^  at  time  t: 
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6^  (t)=(delayr)  {K 


where  K,  = pilot  model  gain 

T,  = pilot  model  lead  time  constant 

T = pilot  model  delay  time  constant 

For  a single-loop  task,  this  is  the  complete  model  for  a large  variety  of  problems. 
However,  for  plants  consisting  of  gain  alone,  it  is  necessary  to  include  pilot  lag  com- 
pensation. In  the  present  model,  neuromuscular  lag  has  been  lumped  together  with 
processing  delay  time  to  give  an  overall  delay.  All  problems  in  this  report  have  been 
computed  using  a value  of  t = .3  second.  Frequently  this  pilot  delay  is  modeled  using 
Pad^  approximations.  In  the  time-Kistory  simulation  model,  the  delay  is  modeled 
more  accurately  using  table  shifting  each  iteration  to  produce  an  exact  delay. 

It  should  be  noted  that  the  incorporation  of  visual  perception  effects  and  the  pilot 
time  delay  is  a direct  application  of  the  Principle  of  Human  Dynamic  Limitations  stated 
in  Subsection  B.  The  Principle  of  Human  Optimality  is  enforced  by  selecting  the  gain 
and  lead  T,  that  produce  the  minimum  rms  tracking  error  €. 

* 


Figure  6.  Single-Loop  Pilot  Model 


In  order  to  present  the  essentials  of  a multiloop  compensation  model,  consider  a 
heading  command  task  in  which  the  pilot  is  subject  to  visual  threshold  effects  of  mag- 
nitudes ipQ  and  ♦q.  The  System  configuration  is  shown  in  Figure  7. 

The  pilot  model  equations  are  then  given  by: 

A A 

If  >(/l»  =</'  . Otherwise  i//  = 0 

e 6 e e e 

A A 

If  , <t>  = 4>.  Otherwise  0 =0 
o 


6a=  (delay 


T.  0 
^0 
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Figure  7.  Heading  Command  Task 


By  the  Principle  of  Human  Optimality,  the  gains  and  along  with  the  leads 
adjusted  to  produce  the  minimum  rms  4;^  for  an  "acceptable"  amount 
of  bank  angle  rms  4).  Other  examples  of  multiloop  compensation  can  be  found  in  Sub- 
sections IV  C and  IV  F. 

Controller  Actuation  Effects 

Remnant  models  for  controller  actuation  effects  can  be  used  to  account  statisti- 
cally for  imprecise  positioning  of  the  stick,  rudder,  throttle,  or  other  controllers- 
Since  pilot  induced  oscillation  (PIO)  depends  on  stick  force  breakout  and  gradient 
forces,  it  is  important  to  provide  for  dynamic  modeling  of  the  neuromuscular- 
controller  system.  In  these  problems,  perceived  controller  position  is  subject  to 
error,  threshold,  and  hysteresis  effects  that  can  be  directly  implemented  in  a manner 
similar  to  the  incorportation  of  visual  effects.  In  the  examples  considered  in  this 
report,  controller  effects  have  been  minimized  by  using  light  breakout  and  gradient 
forces  along  with  sensitivities  selected  by  the  subject  using  the  controller. 

Generalization  of  the  Single-Axis  Model 

The  above  brief  accoimt  of  the  statistical  single-axis  model  is  intended  for  use 
in  flying  qualities  problems  where  the  EVALUATION  consists  mainly  of  performance 
statistics.  Since  the  context  of  the  model  is  time-history  simulation,  advances  in 
understanding  of  the  djmamic  nature  of  human  compensation  can  be  incorportated  into 
the  model  in  a way  that  preserves  all  decision  and  nonlinear  aspects  of  human  control. 
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D.  MULTIAXIS  PILOT  MODELS 


Before  the  basis  of  the  Urgency  Decision  Pilot  Model  is  presented,  it  is  neces- 
sary to  define  what  is  meant  by  the  frequently  used  term  "multiaxis"  and  what  is 
meant  by  "side  task".  Both  of  these  terms  are  somewhat  unfortunate,  and  precise 
definitions  have  not  been  adopted.  These  terms  will  be  used  in  this  report  to  specify 
the  following  defined  concepts: 

Component  Task  is  defined  to  be  a particular  dynamic  tracking  activity  in  which 
variables  derived  from  aircraft  motion  or  geometry  are  control- 
led by  means  of  a single  controller  input.  This  term  can  also  be 
applied  to  any  other  required  physical  activity  of  the  pilot. 

Multiaxis  Task  is  defined  to  be  a collection  of  at  least  two  component  tasks.  If 
a complete  description  of  the  piloted  mission  is  encompassed  by 
the  multiaxis  task,  then  a complete  TASK  has  been  described. 

There  is  frequent  mention  of  "side  task"  in  current  literature.  The  following  defi- 
nition may  not  cover  all  usage  of  this  term,  but  will  be  adhered  to  in  this  report: 

Side  Task  is  defined  to  be  a component  task  whose  performance  is  not 

measured  or  optimized  by  an  EVALUATION  requirement.  Per- 
formance is  instead  evaluated  in  terms  of  maintaining  control, 
performing  the  task  when  no  other  multiaxis  task  component 
requires  attention,  or  other  non-metric  or  subjective  conditions. 

The  objective  now  is  to  postulate  the  nature  of  the  pilot's  CX)NTROL  for  a 
multiaxis  TASK,  and  to  present  a method  for  implementing  this  CONTROL  in  the 
pilot  model. 

That  a pilot's  performance  of  a component  task  is  degraded  when  performed  as 
part  of  a multiaxis  task  has  been  widely  recognized.  There  have  been  several  attempts 
to  demonstrate  statistical  multiaxis  pilot  models,  which  do  not  attempt  dynamically  to 
allocate  model  attention,  but  rely  on  several  methods  to  degrade  the  compensation 
modeled  for  each  task  with  respect  to  single-axis  control.  These  statistical  methods 
are: 

1)  Increased  time  delay  to  account  for  periods  of  inattention. 

2)  Decreased  model  gain  to  a specified  sub-optimum  value. 

3)  Filtered  white  Gaussian  noise  injection. 

Although  References  8 and  9 show  that  these  statistical  models  prove  to  be 
accurate  for  certain  classes  of  problems,  there  are  advantages  to  using  dynamic 
models  of  attention  allocation.  It  will  be  demonstrated  in  the  applications  detailed  in 
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Section  IV  that  the  following  benefits  are  obtained  using  the  dynamic  allocation  of 
attention  using  the  Urgency  Decision  Pilot  Model; 

1)  Total  time  allocated  to  each  task  is  automatically  generated  and  predicted 
by  the  model. 

2)  Mean  control  period  for  each  component  task  is  directly  predicted  by  the 
model. 

3)  The  influence  of  any  variation  in  aircraft  dynamics,  control  system,  TASK, 
or  EVALUATION  on  any  performance  statistic  — including  allocation  time 
and  mean  control  period  of  each  component  task  — can  be  predicted. 

4)  Flying  qualities  effects  concerning  the  interference  of  component  tasks  can 
be  predicted. 

The  basis  of  the  urgency  decision  dynamic  allocation  of  pilot  attention  can  be 
seen  by  observing  pilot  stick  activity  during  a multiaxis  task  that  requires  lateral 
and  longitudinal  tracking  control.  One  of  the  first  reports  to  identify  exclusive 
attention  allocation,  Reference  10,  was  written  by  one  of  the  authors  of  this  report 
in  1966.  It  was  this  study  that  first  considered  allocation  models  based  on  measures 
of  task  urgency.  The  exclusive  allocation  of  attention  was  noted  during  simulation 
flights  of  a difficult  VTOL  hover  problem.  A crossplot  of  lateral  and  longitudinal 
stick  commands  clearly  showed  that  the  pilot  flew  the  simulation  by  performing  a 
sequence  of  exclusive  lateral  and  longitudinal  control  episodes.  Figure  8,  reproduced 
from  Reference  10,  was  obtained  during  a simulator  flight  test  and  demonstrates  this 
sequential  control  behavior. 

This  1966  study  attempted  to  model  the  VTOL  hover  task  by  means  of  the 
following  model  characteristics; 

1)  Generation  of  the  model  dynamics  by  real-time  simulation  using  analog 
computers. 

2)  Continuous  generation  of  urgency  functions  as  measures  of  relative  need 
for  control  action.  These  functions  were  nonlinear  functions  of  the  aircraft 
state  variables. 

3)  Switching  control  between  the  two  component  tasks  according  to  the  mag- 
nitude of  the  urgency  functions. 

4)  There  was  no  external  disturbance  other  than  pilot  induced  errors  and 
control  inattention.  The  induced  errors  consisted  of  inadvertent  control 
crossfeed  and  remnant, 

5)  The  use  of  gain-lead-delay  pilot  model  components  for  the  compensation 
during  each  control  episode. 

There  were  two  limitations  to  the  analysis  presented  in  Reference  10:  analog 
computer  resolution  and  accuracy  which  were  poor  compared  to  those  of  digital 
computers,  and  inability  to  develop  the  correct  structure  to  incorporate  error  rate 
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Figure  8.  Demonstration  of  Pilot  Attention  Allocation  by  Cross  Plot 
of  Lateral  and  Longitudinal  Stick  Commands  During  Hover  Task 

terms  in  the  urgency  functions,  again  the  result  of  the  computer  limitation.  A correct 
and  complete  account  of  this  VTOL  hover  problem  using  the  model  presented  in  this 
Section  can  be  found  in  Subsection  IV  C. 


Urgency  Decision  Pilot  Model  Postulates 

There  are  three  postulates  that  characterize  the  Urgency  Decision  Pilot  Model: 
1)  Exclusive  Attention  Allocation 

Control  changes  are  Initiated  on  only  one  component  task  at  a time.  No 
two  component  tasks  are  performed  simultaneously. 
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2)  Urgency  Decision 

Attention  is  allocated  according  to  the  greatest  of  the  urgency  decision 
measures.  iTie  form  of  these  measures  is  postulated  below.  The  compo- 
nent task  with  the  greatest  urgency  is  controlled;  the  control  inputs  to  the 
other  tasks  are  either  held  constant  or  set  to  trim. 

3)  Compensation 

The  compensation  of  a component  tracking  task  is  identical  in  form  to  the 
compensation  for  that  component  task  under  continuous  control  as  presented 
in  Subsection  III  B.  The  optimization  of  the  pilot  model  coefficients  is  per- 
formed while  the  complete  multiaxis  model  is  operating. 

iTvese  postulates  were  first  developed  during  the  VTOL  hover  problem  discussed 
above,  and  further  attempts  to  use  the  urgency  decision  model  in  other  applications 
have  led  to  the  conclusion  that  these  postulates  apply  with  great  generality.  The  pre- 
sentation of  other  applications  is  the  objective  of  Section  IV. 

To  present  the  postulated  form  of  the  urgency  fimction,  consider  a single- 
loop component  tracking  task.  The  third  postulate  states  that  the  compensation  for 
this  task  is  of  the  form  presented  in  Subsection  III  B.  It  remains  to  define  the  form 
and  the  adjustment  of  the  urgency  functions.  Let  t be  the  tracking  error  correspond- 
ing to  the  component  task.  Then  the  urgency  is  a measure  of  how  bad  the  tracking 
error  is  at  a given  moment,  weighted  by  whether  the  error  is  increasing  or  decreasing. 
II  the  error  is  decreasing,  little  or  no  control  correction  may  be  warranted;  but  if  the 
error  is  increasing,  the  situation  may  be  critical.  For  this  reason,  the  magnitude  of 
the  urgency  function  is  reduced  if  the  error  is  decreasing  and  increased  if  the  error 
is  getting  larger. 

The  simplest  function  Uf  that  takes  this  into  account  is  given  by  the  following 
formula  in  terms  of  observed  error  e and  error  rate  c : 

u,  -s.  Tl^ 

= I + sign(^)  I' 

The  coefficients  and  in  this  expression  are  positive  numbers  that  are 
either  dictated  by  the  task  description,  or  are  subject  to  optimization  along  with  the 
compensation  coefficients.  The  specific  method  for  adjusting  and  optimizing  the 
urgency  functions  is  illustrated  in  the  demonstrations  of  the  Urgency  Decision  Pilot 
Model  in  the  next  Sections. 
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Decision  Delay  and  Parallel  Compensation  ^ 

There  are  two  further  dynamic  aspects  to  the  multiaxis  urgency  decision  model 
that  are  essential  to  the  applications  detailed  in  Section  IV,  but  these  are  not  nearly  as  ^ 

firmly  established  as  the  above  postulates. 

The  first  aspect  concerns  implementation  of  the  attention  diversion  algorithm. 

It  is  natural  to  expect  that  the  human  pilot  cannot  instantaneously  divert  attention  to 
another  task.  The  time  delay  involved,  called  the  urgency  time  delay,  has  been  uni- 
formly employed  in  all  calculations  of  this  report  with  a value  of  . 15  second.  In  ^ 

most  cases,  the  omission  of  this  delay  leads  to  model  calculations  that  do  not  agree 
well  with  simulation  data.  Beyond  this,  nothing  is  known  about  the  accuracy  of  this 
constant,  or  whether  this  value  is  independent  of  TASK. 

1 

The  second  aspect  involves  the  way  in  which  the  model  shifts  its  attention  and 
calculates  its  control  compensation.  For  each  dynamic  component  task,  the  model  I 

computes  a control  input  generated  from  observed  error  and  error  rate  information.  J 

This  control  input  is  then  delayed  by  the  . 3 second  human  compensation  delay.  It  is 
important  to  consider  whether  the  delay  table  of  a task  control  compensation  is  zeroed  1 

when  the  task  is  abandoned,  or  whether  just  the  output  of  the  table  is  set  to  zero.  In 
the  first  case,  return  to  the  task  would  require  the  sum  of  the  urgency  delay  together 
with  the  human  compensation  delay  — a total  of  .45  second  — before  control  activity  is 
resumed.  Simulation  data  indicates  that  such  a large  delay  is  not  the  case.  Model 
computations  in  which  the  compensation  delay  tables  are  zeroed  for  abandoned  tasks 
support  this  since  it  leads  to  performance  predictions  that  are  badly  degraded.  The 
alternative  is  to  assume  that  the  pilot  generates  estimates  of  his  required  control  in- 
puts simultaneously,  but  is  imable  to  effect  parallel  controller  actuation.  This  is  the 
basis  of  the  seventh  item  of  the  Principle  of  Human  Dynamic  Limitations  which  postu- 
lates a limited  motor  information  chaimel  that  restricts  simultaneous  control  output. 

Figure  9 shows  the  mechanization  of  a two-axis  tracking  task  consisting  of  a single- 
loop task  (1),  a multiloop  task  (2),  and  a diversion  side  task. 

Incorporation  of  Side  Tasks 

There  are  two  classes  of  side  tasks,  diversion  and  dynamic.  In  both  cases 
attention  is  shifted  to  the  side  task  when  the  side  task  urgency  exceeds  the  urgency  of 
all  other  tasks;  the  classes  differ  in  how  the  urgency  is  computed,  bi  the  case  of  the 
dynamic  side  task,  the  urgency  is  computed  as  for  any  other  tracking  task.  However,  the 
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URGENCY  DECISION  PILOT  MODEL 


Figure  9.  Urgency  Decision  Pilot  Model  Structure 


urgency  function  coefficients  are  not  optimized  with  respect  to  a performance  index, 
but  with  respect  to  the  side  task  instructions  given  the  pilot.  If  the  side  task  is  simpiy 
to  keep  an  unstable  element  under  control,  and  hence  visible  on  a given  display,  the 
urgency  coefficients  should  be  set  to  the  smallest  numbers  that  meet  this  condition. 

This  is  Illustrated  in  Subsection  IV  E,  and  in  Appendix  B where  the  prediction  of 
critical  task  performance  is  demonstrated. 

In  other  cases,  calibration  of  the  side  task  urgency  must  be  performed  by 
matching  one  point  of  the  data  and  then  leaving  the  side  task  urgency  unchanged  for 
the  rest  of  the  calculations.  This  is  illustrated  in  a target  tracking  problem  pre- 
sented in  Subsection  IV  F , where  the  side  task  is  a diversion  of  the  model  to  a state 
of  no  activity  that  models  a pilot's  instruction  to  perform  an  electrode  tapping  task. 

For  such  diversion  side  tasks,  the  urgency  function  itself  is  simply  set  equal  to  a 
constant. 

A User's  Guide  to  the  Urgency  Decision  Pilot  Model 

One  of  the  main  motivations  for  the  development  of  the  Urgency  Decision  Pilot 
Model  and  its  documentation  in  this  report,  is  to  provide  an  easily  used  pilot  - 
aircraft  analysis  method.  The  data  provided  in  Section  III  is  sufficient  for  the  reader 
to  apply  this  method  to  problems  in  many  areas  of  flying  qualities  analysis,  flight 
simulation,  fli^t  control  design,  and  flight  test  evaluation.  This  user's  guide  will 
provide  a short  summary  of  the  procedure  for  setting  the  model  up  and  exercising  it. 

The  first  step  in  applying  the  Urgency  Decision  Pilot  Model  is  to  obtain  or  pro- 
duce a suitable  aircraft  model  in  a computer  program  that  can  be  modified  to  include 
the  pilot  model.  Appendix  C contains  a user  guide  for  a program  that  has  a six  degree- 
of-freedom,  constant  coefficient,  large  motion  aircraft  model  along  with  a pilot  model 
general  enough  to  perform  target  tracking  analyses.  The  program  itself  is  available 
from  AFFDl/FGC.  Many  problems  require  only  linear  aircraft  descriptions,  and  the 
user  should  not  hesitate  to  write  programs  for  the  aircraft  and  the  Urgency  Decision 
Pilot  Model  from  scratch.  The  authors,  for  example,  frequently  program  independent 
problems  on  desk  calculator-plotter  equipment.  Another  useful  source  of  aircraft 
models  is  flight  simulation  equipment.  The  pilot  model  can  be  easily  incorporated 
into  simulator  drive  computer  programs,  and  in  this  way  exact  comparison  of  human 
pilot  and  pilot  model  can  be  obtained  for  fully  general  flight  simulation  aircraft 
representations. 
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If  the  reader  will  consult  the  demonstrations  of  Section  IV  and  V,  he  will  see 
that  it  is  a simple  matter  to  set  the  model  up  for  any  particular  problem  that  falls 
into  the  classification  of  Section  II.  Briefly  the  steps  are  as  follows: 

1)  Identify  the  complete  TASK  that  is  to  be  studied,  develop  an  analytic 
description  of  it,  and  model  the  TASK  commands  or  disturbances. 

2)  Identify  each  component  task,  including  dynamic  and  diversion  side  tasks. 

3)  Determine  if  perception  models  are  relevant  to  the  problem,  and  if  so 
produce  a description  of  them. 

4)  Mechanize  a representation  of  all  component  task  tracking  errors  and 
error  rates;  and,  using  the  perception  models,  calculate  the  observed 
errors  and  error  rates. 

5)  For  each  component  tracking  task,  program  the  gain-lead-time  delay 
comiiensation. 

6)  Program  the  urgency  fxmctions  and  the  urgency  function  delays. 

7)  Program  the  urgency  test  logic:  the  output  of  all  compensation  time  delay 
tables  except  the  one  for  the  task  with  the  greatest  urgency  is  set  to  trim 
for  stabilization  tasks  about  trim  values;  in  all  other  cases,  the  compensa- 
tion is  held  at  its  last  value  until  the  associated  urgency  again  becomes 
greatest. 

8)  Program  all  EVALUATION  data  items  including  tracking  error  statistics, 
dwell  fractions  and  times,  time-on-target  defined  by  allowable  error  and 
other  relevant  items. 

9)  Optimize  the  compensation  gain  and  lead  of  each  component  d3Tiamic  task 
in  a single-axis  mode  by  setting  the  other  urgency  coefficients  temporarily 
to  zero. 

10)  Using  the  full  model,  optimize  or  calibrate  the  urgency  fimctions.  This 
may  be  done  as  illustrated  in  Section  IV  A,  B,  and  F. 

11)  Check  by  perturbation  the  optimization  of  the  compensation  coefficients.  It 
is  common  that  the  single-axis  optimum  gains  may  be  too  high,  and  the 
leads  too  low. 

12)  Using  the  optimized  model,  exercise  the  pilot  ~ aircraft  model  to  obtain 
data  in  the  same  manner  that  it  is  obtained  in  flight  test  or  flight  simulation 
testing. 
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SECTION  IV 


PREDICTION  OF  PILOTED  AIRCRAFT  PERFORMANCE 

Although  the  full  pilot  model  as  postulated  in  the  previous  section  may  appear 
unwieldy,  its  application  to  specific  problems  is  simple  and  direct.  To  illustralp 
both  the  versatility  and  the  utility  of'the  multiaxis  time-domain  analysis  method,  ' 
a number  of  demonstrations  will  be  presented  next.  Each  is  supported  by  agreement 
with  flight  simulation  data,  and  several  new  results  of  importance  to  flying  qualities 
research  are  also  discussed. 

A.  ATTITUDE  STABILIZATION  IN  TURBULENCE 

It  is  natural  to  inquire  about  applications  of  the  pilot  model  to  representative 
tactical  fighter  dynamics.  Attitude  stabilization  in  the  presence  of  low-level  turbu- 
lence is  an  almost  ever-present  flying  qualities  consideration.  A study  of  the 
dynamics  of  this  task  will  serve  as  a guide  to  how  the  model  is  set  up  and 
exercised.  This  problem  will  be  discussed  first  with  aircraft  descriptions  that 
emphasize  display  and  task  interference  aspects  of  the  multiaxis  control.  Vali- 
dation data  obtained  using  the  fully  general  YF-17  aircraft  model  as  mechanized 
on  the  Northrop  moving-base  flight  simulator  will  be  presented  in  the  next 
Subsection. 

There  were  four  important  aspects  of  this  problem  to  be  investigated: 

1)  Accuracy  and  standardization  of  the  method. 

2)  The  effects  of  attention  sharing  on  pilot  compensation. 

3)  The  effects  of  relative  display  gains. 

4)  Task  interference  effects. 

In  order  to  do  this,  two  lateral  and  three  longitudinal  tactical  aircraft  linear 
descriptions  were  employed.  Figure  10  shows  the  linear  equations  of  motion  used  to 
compute  the  aircraft  dynamics,  and  Table  1 gives  the  dimensional  stability  derivatives 
using  primed  notation,  as  defined  in  the  List  of  Symbols. 
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Figure  10.  Equations  of  Motion 


In  this  way  a matrix  of  six  aircraft  descriptions  was  obtained  as  shown  in 
Figure  11. 


LATERAL 


A 

B 

1 

lA 

IB 

2 

2A 

2B 

3 

3A 

1 

3B 

Figure  11.  Matrix  of  Aircraft  Configurations 


To  isolate  attention  diversion  effects  for  study  in  this  example,  visual  per- 
ception and  controller  effects  were  minimized.  The  flight  simulation  was  per- 
formed at  Northrop  using  a fixed-base  facility.  The  dynamics  were  generated 
digitally,  the  subject  sat  in  a chair  fitted  with  a side-arm  controller,  and  the  display 
was  presented  to  him  on  a large  CRT. 

The  simulation  display  consisted  of  a bright  dot  against  a dimly  illuminated  back- 
ground grid  with  prominent  vertical  and  horizontal  center  lines  as  shown  in  Figure  12. 
The  actual  scaling  of  the  dot  displacement  for  each  test  point  was  determined  experi- 
mentally by  going  to  the  most  sensitive  gain  settings  K which  would  accommodate  all 
dot  excursions.  These  m and  a scalings  resulted  in  a dot  displacement  of  aK  centi- 
meters per  degree  of  bank  angle  and  /uK  centimeters  per  degree  of  pitch  angle. 
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TABLE  1.  STABILITY  DERIVATIVES  FOR  ATTITUDE 
STABILIZATION  IN  TURBULENCE 


LONGITUDINAL  DERIVATIVES 


1_ 

2 

z 

w 

-1.3 

-1.3 

-1.3 

z, 

w 

0.0 

0.0 

0.0 

M 

w 

-.004 

-0.008153 

-.003 

M. 

w 

-8. 103x10"® 

-8. 103x10"® 

-8. 103x10 

Z 

q 

-4. 596 

-4.596 

-4. 596 

M 

q 

-1.0 

-1.5 

-2.0 

6e 

72.023 

72.023 

72.023 

-10.  503 

-10. 503 

-10. 503 

u 

0 

718.0 

718.0 

718.0 

LATERAL  DERIVATIVES 

B. 

N' 

r 

-] 

L.5 

-1.5 

N' 

P 

0.00705 

0.00705 

®a 

0.0352 

0.0352 

( 

l.O 

3.0 

Y 

V 

-0.5002 

-0. 5002 

L' 

p 

-] 

L.O 

-1.0 

l;- 

0.4045 

0.4045 

■-’‘a 

< 

2.023 

2.023 

-29.06 

-29.06 

All  other  derivatives  are  zero. 
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Figure  12.  Two- Axis  Fli^t  Simulation  Display 


Provision  was  made  to  simulate  with  the  ratios  of  ^ and  a given  in  Figure  13. 


a 

Task 

0 

1 

Continuous  Lateral  Only 

8 

1 

Two  iixis,  n/a  = 8 

16 

1 

Two  axis,  p/o;  = 16 

1 

0 

Continuous  Longitudinal  Only 

Figure  13.  Display  Ratios  Tested 

The  pilot  was  instructed  to  keep  the  dot  as  close  to  the  center  of  the  screen  as 
he  could  for  each  given  display  ratio.  As  this  u/a  ratio  is  increased  from  zero  (con- 
tinuous lateral  tracking),  the  pilot  was  forced  to  pay  greater  and  greater  attention  to 
the  longitudinal  task.  In  this  way,  the  ^ /a  ratio  greatly  influences  the  way  in  which 
the  pilot  allocates  his  attention  between  the  lateral  and  longitudinal  tracking  tasks. 

The  pilot  optimizes  his  performance  with  respect  to  the  distance  of  the  dot  from  the 
center  of  the  scope.  This  is  called  the  radial  tracking  error,  denoted  by  r(0  , $ ), 
and  is  given  by 

r (0,  e)  = '/{u0)^  + 

t i < 

The  task  proved  difficult  to  fly,  and  about  ten  hours  were  required  for  asymptotic 
training.  Data  were  collected  for  test  periods  of  30  seconds,  and  simulation  sessions 
were  held  to  two  hours  maximum  to  avoid  fatigue  effects.  The  turbulence  simulation 
used  Dryden  spectra  obtained  by  filtering  digitally  generated  Gaussian  white  noise  as 
specified  in  MIL-F-8785B,  where  an  airspeed  of  718  fps  and  an  altitude  of  1750  feet 
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were  used.  In  order  to  diminish  low-frequency  effects  during  the  short  test  periods,  ; 

the  gusts  were  precomputed  and  the  sequence  adjusted  to  zero  mean  and  10  ft/sec  rms 
intensity.  The  hand  controller  had  light  breakout  and  gradient  forces;  both  the  sensi-  ^ 

tivity  and  the  polarity  were  selected  by  the  subject. 

With  this  description  of  the  simulation  complete,  it  is  now  possible  to  apply  the 
generalized  pilot  model  as  given  in  Section  III.  Figure  14  shows  the  multiaxis  pilot- 
aircraft  control  configuration.  Since  the  high-frequency  turbulence  stabilization  task 
requires  no  pilot  lag  compensation,  only  a gain  and  lead  must  be  selected  for  each 

axis.  ' 

The  compensations  are  simply  gain,  lead,  and  delay  describing-function  models. 

Expressed  in  terms  of  the  familiar  s-plane  notation  these  are: 

I 

i 

ia  = [K^(Tj^^s  + lie  ^ 

In  terms  of  time-domain  notation  they  become:  ' 

6a  = (Delayr)  { + Tj^^  i 

I 

6e  = (Delay  t)  |Kg(eg+  Tj^  Oglf 

0 

However,  since  commanded  <t>  and  e are  identically  zero,  ' 


«^e  ■ dt  <^c 


= -<t> 

= - P 


Similarly 


- q 


Thus,  for  this  problem,  the  error  rate  lead  terms  can  be  mechanized  by  niunerical 
differentiation  or  by  use  of  attitude  rate  terms  from  the  aircraft  equations  of  motion. 

The  pilot  delays  are  simply  mechanized  by  shifting  a table  of  values  once  each 
iteration.  Fade  approximation  formulas  need  never  be  used. 
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The  digital  mechanization  for  the  compensation  is  shown  in  Figure  15. 


Figure  15.  Lateral  and  Longitudinal  Pilot  Compensation  for 
Attitude  Stabilization  in  Turbulence 


A pilot  delay  of  0. 3 sec  was  adopted,  and  Up  and  Up  are  delayed  by  0. 15  sec. 

The  urgency  test  logic  becomes: 

If  U > U„  then  i =0  and  lateral  axis  controlled 
R P © 

If  U„  < U„  then  i =0  and  longitudinal  axis  controlled 
R P 3. 

For  this  problem,  the  optimum  control  requires  the  stick  command  of  the  axis  not  con- 
trolled to  be  returned  to  trim,  in  this  case  zero.  The  only  part  of  the  model  not  yet 
discussed  is  the  form  and  adjustment  of  the  urgency  fimctions  for  each  axis.  Their 
general  form  is  given  by 


where  p and  v are  often  zero  in  single- loop  control  problems,  a fact  which  was  easily 
verified  in  this  case  by  perturbing  these  quantities  about  zero.  The  use  of  the  symbols 
|ji  and  a for  both  the  display  gains  and  the  urgency  coefficients  will  not  cause  any  con- 
fusion, for  the  display  weighting  is  exactly  accounted  for  by  using  those  same  numbers 
to  weight  the  relative  urgencies  of  the  two  component  tasks.  This  result,  discussed 
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in  Reference  3,  is  substantiated  by  the  data  obtained  for  the  analysis  and  flight  simu 
lation  reported  here.  The  urgency  functions  are  then  in  final  form: 


This  reflection  of  the  objective  urgency  as  Imposed  by  the  CRT  display  gains  in  the 
subjective  urgency  calculated  in  the  model  by  Up  and  Up  is  one  of  the  most  significant 
dynamic  features  that  the  multiaxis  attention  allocation  model  has  revealed.  Since 
the  experiment  was  set  up  to  avoid  controller  and  display  visual  effects,  such  as 
thresholds,  this  completes  the  CONTROL  model.  The  two-axis  EVALUATION  is 
simply  rms  radial  tracking  error. 

Consider  now  the  adjustment  and  use  of  the  model  to  predict  the  performance  of 
a pilot  trying  to  hold  trim  attitude  in  turbulence.  The  model  has  four  quantities  to  be 
adjusted,  the  gain,  K^,  and  lead,  of  the  lateral  task  and  the  gain.  Kg,  and  lead, 

Tj^  , of  the  longitudinal  task. 

0 

For  most  representative  tactical  aircraft  multiaxis  problems,  the  correct  gains 
and  leads  are  near  the  correct  values  for  each  continuous  task  separately  and  serve  as 
a good  starting  point  to  find  the  multiaxis  values.  Taking  the  roll  task  first,  the 
simulation  can  be  exercised  for  the  bank  angle  task  alone  by  simply  setting  the  pitch 
urgency  coefficient  p.to  zero.  The  optimization  principle  of  pilot  modeling  then  asserts 
that  K<(,  and  TL^must  be  adjusted  to  minimize  the  rms  radial  tracking  error,  which  is 
just  rms  (j>  since  dot  motions  in  the  corresponding  flight  simulation  occur  only  along  the 
horizontal  axis  of  the  CRT  display.  A useful  starting  value  for  T^  is  0.5  sec.  This 
value  may  be  required  for  stability  in  some  aircraft,  and  represents  a weighting  of 
error  rate  to  error  that  pilots  can  generate  with  little  difficulty.  With  this  value  of 
Tl^.  the  gain  can  be  perturbed  to  find  the  optimum  for  this  initial  guess  of  lead. 
Once  this  is  done,  the  lead  can  again  be  varied,  and  the  process  repeated  until  an 
optimum  has  been  reached.  This  steepest  ascent  procedure  could  be  directly  mecha- 
nized on  the  computer;  however  it  has  been  the  experience  of  the  authors  that  such 
methods  are  not  necessary  for  most  analyses. 

In  the  case  of  the  lateral  and  longitudinal  configurations  defined  by  Table  1, 
the  gains  and  leads  are  as  shown  in  Table  2 along  with  the  rms  tracking  errors  for  a 
turbulence  level  of  10  ft/sec.  These  data  were  obtained  by  calculating  the  pilot  — 
aircraft  response  for  a series  of  30-second  runs  totaling  1200  seconds  of  real-time 
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using  an  integration  step  of  0.05  second.  The  mean  and  standard  deviation  refer  to 
these  sets  of  30-second  rms  tracking  errors. 


TABLE  2.  SINGLE-AXIS  TURBULENCE  STABILIZATION  PILOT  MODEL  DATA 

K 

Tl 

rms  tracking  errors  (deg) 

mean 

s.d. 

A continuous  ^ 

3.5 

0.5 

3.17 

0.461 

B continuous  0 

3.5 

0.5 

3.31 

0.517 

1 continuous  & 

-0.5 

0.6 

0. 196 

0.0208 

2 continuous  e 

-0.5 

0.7 

0.319 

0.0366 

3 continuous  e 

-0.8 

0.5 

0. 118 

0.0152 

The  flight  simulation  of  this  task  led  to  the  data  shown  in  Table  3 where  20  flights  of 
30  seconds  duration  were  obtained  for  each  test  point. 

TABLE  3.  SINGLE-AXIS  TURBULENCE  STABILIZATION 
FLIGHT  SIMULATION  DATA 

rms  tracking  errors  (deg) 


mean  s 


A continuous  3.12  0.508 

open  loop  10.1  1.25 

B continuous  3.22  0.407 

open  loop  7.19  0.670 

1 continuous  0.196  0.0276 

open  loop  0.484  0.0180 

2 continuous  0.315  0.0388 

open  loop  0.565  0.0115 

3 continuous  0.118  0.0149 

open  loop  0.293  0.0146 


A comparison  of  the  pilot  model  data  with  the  flight  simulation  results  is  shown  in 
Figure  16. 


Figure  16.  Comparison  of  Pilot  Model  with  Flight  Simulation  Tracking 
Error  Data  for  Single-Axis  Turbulence  Stabilization 

It  is  clear  from  these  statistics  that  the  model  has  agreed  well  with  the  flight 
simulation.  Since  no  information  from  the  flight  simulation  was  used  in  the  analysis, 
the  predictive  capability  of  the  model  has  been  demonstrated.  Ground  rules  for  data 
acquisition  shown  in  Figure  17  have  been  consistently  employed. 


MODEL:  Using  the  optimum  pilot  model,  a series  of  runs  is 
obtained  using  the  run  length  corresponding  to  the 
flight  simulation.  The  series  is  taken  consecutively. 
No  rejection  of  data  is  allowed. 

FLIGHT  SIMULATION:  Data  is  obtained  in  a series  of  10  to  20 
consecutive  flights.  Series  may  be  kept  or  rejected 
to  allow  for  training  and  subject  daily  variation,  but 
a series  must  be  kept  or  rejected  in  its  entirety.  No 
series  may  be  rejected  which  is  the  best  obtained. 


Figure  17.  Rules  for  Data  Acquisition 
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In  addition  to  providing  careful  control  over  the  collection  of  comparison  data, 
the  procedure  of  exactly  repeating  the  individual  simulation  test  items  reveals  addi- 
tional information.  During  a flight  of  finite  time,  there  will  be  two  kinds  of  fluctua- 
tions in  the  task:  disturbance  intensity  and  disturbance  power  spectrum.  These 
fluctuations  represent  aspects  of  the  task  environment  that  are  encountered  in  actual 
flight  and,  as  such,  are  useful  to  evaluate.  For  purposes  of  identifying  pilot  dynamics 
and  validating  pilot  model  components,  the  statistical  fluctuations  that  result  can  be 
severely  limiting.  The  data  of  Tables  2 and  3 were  obtained  by  using  a method  for 
reducing  the  intensity  fluctuation  without  changing  the  nature  of  the  defined  flight 
task.  By  precomputing  each  complete  30-second  history  of  turbulence,  the  mean 
and  rms  values  for  the  turbulence  can  be  obtained.  The  series  is  then  adjusted  by 
shifting  the  mean  to  zero  and  the  rms  intensity  to  a specified  level,  in  this  case 
10  ft/sec.  The  task  as  presented  to  the  pilot  and  the  pilot  model  thus  avoids  problems 
of  unsettled  low-frequency  statistics  and  display  limiting. 

A comparison  of  the  standard  deviations  of  these  data  reveals  that  there  is 
a similar  scatter  to  the  series  of  30-second  runs  obtained  from  the  simulator  and 
from  the  pilot  model.  This  is  shown  in  Figure  18. 


Figure  18.  Comparison  of  Standard  Deviations  of  Pilot  Model  and  Flight 
Simulation  Tracking  Error  Data  for  Single-Axis  Turbulence  Stabilization  Task 
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Correlation  of  standard  deviations  frequently  occurs  in  comparisons  between 
model  and  flight  simulation  data,  and  appears  in  this  case  to  be  the  result  of  fluctua- 
tions in  the  power  spectra  during  the  30-second  flight  period.  For  command  tracking 
tasks,  this  power  spectra  fluctuation  can  be  eliminated  by  using  sums  of  sinusoids  to 
generate  the  command,  but  the  idea  of  using  such  a method  for  turbulence  is  apparently 
untried.  In  any  event  the  standard  deviations  here  are  small  enough  to  allow  a mean- 
ingful comparison  of  the  average  rms  tracking  errors. 

Consider  the  two-axis  task  of  attempting  to  hold  zero  (trim)  attitude  in 
turbulence.  The  urgency  coefficients  are  fixed  by  the  experimental  choice  of  dis- 
play scalings  so  that  the  only  adjustments  of  the  model  to  optimize  its  radial  error 
performance  concern  the  compensation  gains  and  leads.  The  diversion  of  attention 
in  both  the  pilot  and  the  pilot  model  results  in  attitude  rates  (that  may  have  been 
generated  during  the  initial  phase  of  correcting  an  attitude  error)  being  left  uncan- 
celled. For  this  reason,  the  optimum  lead  and  gain  of  the  single-axis  continuous 
task  may  be  not  optimum  in  the  two-axis  task.  Indeed,  the  gains  of  the  two-axis 
problem  are  generally  lower,  and  the  leads  higher,  thus  reflecting  the  added  require- 
ment for  keeping  the  attitude  rates  more  closely  controlled  so  that  an  interruption  of 
the  task  by  the  urgency  of  the  other  axis  will  not  lead  to  large  excursions.  The 
gains  aifid  leads  can  be  quickly  optimized  by  a steepest  ascent  method  similar  to  the 
one  described  above.  The  resulting  values  for  the  two-axis  configurations  described 
in  the  matrix  of  Figure  11  are  shown  in  Table  4 along  with  the  tracking  error 
statistics  obtained  from  1200  real-time  seconds  (forty  thirty-second  runs),  each 
exercised  atfj/a  ratios  of  8 and  16. 

Data  for  the  two-axis  flight  simulation  are  presented  in  Table  5,  and  a 
comparison  of  the  tracking  errors  is  shown  for  lateral  tracking  in  Figure  19,  and 

longitudinal  in  Figure  20.  This  direct  comparison  of  the  lateral  errors  and  the 
longitudinal  errors  is  not  nearly  as  good  as  the  single-axis  data.  It  must  be 
remembered  that  the  primary  statistic  for  optimization  was  the  radial  tracking 
error  which  can  be  computed  from  the  data  of  Tables  4 and  5 by  the  formula: 

r(0,fl)  = \/o  ^(rms^l^+A'^ms «)^ 

Now  if  the  radial  errors  are  plotted  in  comparison,  much  improved  agreement 
is  obtained  as  shown  in  Figure  21. 
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TABLE  4.  TWO-AXIS  TURBULENCE  STABILIZA  HON 
PILOT  MODEL  DATA 


rms  <f>  (deg) 

rms  e (deg) 

M/a 

Tt 

'^L 

mean 

m 

m 

lA 

8 

2.0 

1.1 

-0.4 

1.0 

4.33 

0.610 

0.306 

0.0482 

lA 

16 

2.0 

1.1 

-0.4 

1.0 

5.00 

0.823 

0.275 

0.0450 

IB 

8 

1.6 

-0.4 

0.9 

4.11 

0.514 

0.302 

0.0476 

IB 

16 

1.6 

-0.4 

0.9 

4.73 

0.776 

0. 273 

0.0406 

2A 

8 

2.0 

1.1 

-0.4 

1.0 

4.59 

0.664 

0.388 

0.0406 

2A 

16 

2.0 

1.1 

-0.4 

1.0 

5.30 

0.652 

0.365 

0.0460 

2B 

8 

1.5 

-0.4 

1.0 

4.28 

0.554 

0.381 

0.0378 

2B 

16 

■ 

1.5 

-0.4 

1.0 

5.06 

0.785 

0.361 

0.0396 

3A 

8 

2.0 

1.2 

-0.6 

0.9 

3.93 

0.529 

0. 174 

0.0232 

3A 

16 

2.0 

1.2 

-0.6 

0.9 

4.43 

0.810 

0. 158 

0.0215 

3B 

8 

1.5 

1.6 

-0.6 

0.9 

3.69 

0.481 

0. 177 

0.0250 

3B 

16 

1.5 

1.6 

-0.6 

0.9 

4. 10 

0.561 

0.158 

0.0237 

The  agreement  this  figure  shows  indicates  that  optimum  performance  can 
be  obtained  with  some  even  tradeoff  between  the  attention  allocated  to  the  two  track- 
ing tasks.  It  is  apparent  that  the  pilot  adopted  weightings  slightly  different  from  the 
exact  ^/o  ratio;  however,  the  use  of  ^a.nd  a for  the  urgency  fiinction  coefficients  led  to 
the  correct  predictions  for  the  radial  error  statistic,  the  primary  checkpoint  for 
agreement.  In  fact,  the  agreement  over  these  twelve  cases  averages  only  9.3% 
error. 

Data  for  direct  comparison  of  the  control  periods  and  dwell  fractions  of  the 
attention  allocation  were  not  obtained  from  the  flight  simulation.  However,  the 
division  of  control  between  the  roll  and  pitch  tasks  can  be  clearly  seen  in  terms  of 
elevator  and  aileron  activity  on  strip  chart  traces  obtained  during  the  manned 
simulation.  Figure  22  from  Reference  3 shows  an  apparent  switching  curve  imposed 
on  a sample  strip  chart  trace.  This  record  is  for  20  seconds  of  configuration 
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TABLE  5.  TWO-AXIS  TURBULENCE  STABILIZATION  FLIGHT 

SIMULATION  DATA 


rms  <t>  (deg) 

rms  e (deg) 

u/a 

mean 

mean 

lA 

8 

3.59 

.537 

.380 

.0508 

lA 

16 

4.00 

.620 

.294 

.0346 

IB 

8 

3.23 

.420 

.364 

.0428 

IB 

16 

3.76 

.545 

.286 

.0360 

2A 

8 

3.68 

.397 

.430 

.0321 

2A 

16 

4.11 

.528 

.369 

.0308 

2B 

8 

3.46 

.710 

.399 

.0376 

2B 

16 

3.88 

.474 

.323 

.0226 

3A 

8 

3.07 

.438 

.217 

.0333 

3A 

16 

3.20 

.433 

.161 

.0145 

3B 

8 

3.60 

.621 

.253 

.0260 

3B 

16 

3.71 

.574 

.210 

.0329 

IB  flown  at  a tila  ratio  of  16.  If  the  reader  will  follow  the  record  as  it  evolves  from 
left  to  right,  the  episodic  nature  of  the  control  and  the  task  demands  that  initiate 
attention  shifting  will  be  readily  seen.  In  only  one  marked  control  episode  is  there 
conspicuous  simultaneous  control,  and  in  that  case  the  aileron  is  held  constant 
rather  than  returned  to  trim. 

To  evaluate  task  interference  effects,  the  continuous  performance  of 
each  of  the  five  single-axis  dynamics  can  be  compared  to  the  two-axis  tracking 
errors.  Plotted  on  a linear  scale  for  easy  visibility,  longitudinal  task  interference  of 
lateral  tracking  is  shown  in  Figure  23,  while  a similar  plot  of  lateral  task  inter- 
ference of  longitudinal  tracking  Is  shown  in  Figure  24. 

The  order  of  degradation  the  lateral  tasks  - 3A,  lA,  2A  and  3B,  IB,  2B  - 

corresponds  to  the  ranking  of  the  continuous  longitudinal  tracking  errors  - 3,  1,  2 - 
which  simply  indicates  that  a more  demanding  longitudinal  task  in  a two-axis  problem 
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LINE  OF  AGREEMENT 


Figure  19.  Comparison  of  Two- Axis  Bank  Angle  Tracking  Error 


Figure  20.  Comparison  of  Two- Axis  Pitch  Angle  Tracking  Error 
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In  Control 


Figure  22 


FLIGHT  SIMULATION  (DEG) 


Figure  23.  Longitudinal  Task  Interference 


Figure  24.  Lateral  Task  Interference 
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is  one  that  has  worse  performance  as  a continuous  task.  The  converse  question 
about  lateral  task  interference  cannot  be  resolved  within  the  statistics  of  the  data 
since  the  two-axis  data  shown  in  Figure  24  are  all  close  together.  It  can  be  con- 
cluded, however,  that  for  this  problem,  at  a ///a  ratio  of  16  which  represents 
nearly  an  even  lateral  - longitudinal  task  load,  longitudinal  task  interference  has 
significance  while  lateral  does  not. 

Further  information  concerning  task  interference  and  tradeoff  between  lateral 
and  longitudinal  tracking  errors  can  be  obtained  by  consideration  of  the  two  dimensional 
nature  of  the  problem.  To  do  this,  the  two  tracking  errors  4>q  and  4g  will  be  plotted 
as  a point  on  a graph  whose  axes  are  lateral  and  longitudinal  tracking  error.  Further- 
more, lines  will  be  drawn  on  these  graphs  to  show  the  open  loop  responses  and  con- 
tinuous 6 and  4>  tracking  errors  for  each  two-axis  configuration.  Figure  25  shows  an 
example  of  this  method. 
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Figure  25.  Example  Task  Interference  Graph 


The  ft /a  ratios  employed  in  the  simulation  and  in  the  pilot  model  lead  to  a 
tradeoff  between  the  lateral  and  longitudinal  tracking  errors  that  qualitatively  re- 
sembles the  example  curve  shown  in  Figure  25.  For  M/a  = o , the  problem  reduces 
to  continuous  bank  angle  control,  while  large  values  of  M /a  lead  to  continuous  pitch 
control.  For  intermediate  values,  the  two-axis  task  is  characterized  by  tracking 
degradation  compared  to  the  continuous  cases,  and  this  degradation  is  exactly  what 


CONTINUOUS  9 

OPEN  LOOP  9 

OPEN  LOOP  ^ 

CONTINUOUS  0 

0 LONGITUDINAL  TRACKING  ERROR  9 
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is  shown  by  the  [^/a  curve.  The  tradeoff  between  these  two  tracking  errors  for  a 
nearly  optimum  radial  tracking  error  will  be  manifested  by  two-axis  tracking  data 
points  that  lie  along  such  a curve.  Using  the  data  in  Tables  2 through  5,  these  data 
can  be  compared  on  the  task  interference  graph  for  the  flight  simulation  and  the  pilot- 
aircraft  model.  Figures  26  through  31,  where  the  open  loop  and  continuous  data  are 
from  the  flight  simulation. 

At  this  point  it  is  necessary  to  consider  further  the  effects  of  fluctuations  in  the 
turbulence  intensity  that  characterize  experience  in  actual  flight.  The  method  of  pre- 
computing  the  turbulence  and  adjusting  the  means  to  zero  and  the  rms  values  to 
10  ft/ sec  used  in  obtaining  the  simulation  data  summarized  in  Figures  27  through  31 
eliminates  whatever  effects  might  be  associated  with  random  weighting  of  the  turbu- 
lence towards  one  axis  or  the  other.  Consider  a single-axis  task,  say  lateral.  Since 
the  piloted  system  represents  a linear  open  loop  dynamical  system  with  turbulence 
input  and  bank  angle  output,  it  is  clear  that  every  dynamical  variable  in  the  pilot- 
aircratt  system  will  scale  with  the  actual  turbulence  intensity.  Thus,  for  example,  if 
the  intensity  of  the  turbulence  were  to  be  doubled,  the  pilot  would  see  . a doubling  of  the 
excursions  of  the  display  during  his  control.  If  the  display  gain  were  now  halved,  the 
pilot  would  not  be  able  to  distinguish  visually  the  final  configuration  from  the  original 
problem  presented  to  him. 

This  consideration  illustrates  that  for  the  two-axis  stabilization  task,  fluctuations 
in  turbulence  intensity  and  display  gain  selection  combine  to  form  a single  variation  in 
task  intensity  that  the  pilot  perceives.  Reference  3 reports  data  for  this  task  where 
the  gusts  were  not  precomputed.  At  the  time  this  work  was  performed  at  Northrop,  it 
was  found  that  the  turbulence  intensities  would  vary  between  8 and  14  ft/ sec  when  the 
filter  gains  were  set  to  produce  a long-term  average  of  10  ft/ sec.  In  this  way,  a factor 
of  up  to  two  must  be  either  multiplied  by  or  divided  into  the  display  gain  ratios.  Thus 
the  effective  task  ratios  in  this  earlier  study  effectively  varied  from  4 to  32.  The  data 
from  individual  simulation  flights  are  distributed  or  dispersed  along  the  (jl/o  curves  of 
the  task  interference  graphs  for  a large  part  of  the  curve,  depending  on  the  sensitivity 
of  the  curve  to  these  p/o  ratios. 

The  clearest  example  of  task  interference  effects  can  be  seen  in  the  IB  and  3B 
configurations  of  Figures  27  and  31.  Individual  flight  data,  presented  in  Reference  3 
and  reproduced  here  as  Figures  32  and  33,  reveals  a great  difference  in  lateral  B per- 
formance resulting  from  the  selection  of  the  longitudinal  dynamics  1 or  3.  In  the  pilot 
model  analysis,  the  optimum  lateral  gains  and  leads  for  these  two  cases  turned  out  to  be 
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Figure  28.  Task  Interference  Graph  for  Configuration  2A 


Figure  29.  Task  Interference  Graph  for  Configuration  2B 
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Figure  30.  Task  Interference  Graph  for  Configuration  3A 
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Figure  31.  Task  Interference  Graph  for  Configuration  3B 
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Figure  32.  Pilot  Model  and  Flight  Simulation  Data  Dispersion  for 
30-Second  Flights  of  Configuration  IB  at  ft/a  = 16. 


Figure  33.  Pilot  Model  and  Flight  Simulation  Data  Dispersion  for 
30-Second  Flights  of  Configuration  3B  at  u/a  = 16. 
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identical,  so  that  the  large  dispersion  of  bank  angle  tracking  errors  for  configuration  IB 
derives  exclusively  from  task  interference  effects.  This  again  points  out  the  utility  of 
examining  the  individual  flight  data  to  determine  if  the  standard  deviation  statistic  is 
^ simply  a measure  of  experimental  error,  or  whether  it  reveals  important  dynamic 

characteristics  of  the  problem  being  studied.  By  demonstrating  that  the  model  pro- 
duces  similar  dispersion  of  lateral  tracking  error,  it  is  apparent  that  the  mismatched 
I IB  characteristics  can  be  accurately  predicted  by  the  use  of  the  Urgency  Decision 

’ Pilot  Model. 

It  should  be  pointed  out  that  the  analysis  and  flight  simulation  of  Reference  3 
employed  a prefilter  with  a double  breakpoint  at  .3  radian  to  reduce  low-frequency 
disturbances  that  would  appear  as  non-zero  means  and  hence  distort  the  normalized 
tvacking  error  data.  For  this  reason,  the  open  loop,  continuous,  and  two-axis  track- 
ing data  are  different  from  those  obtained  by  the  pre-computing  method  since  no 
prefilter  was  employed  in  the  current  study. 

I 

The  use  of  time-history  simulation  to  generate  the  specific  episodic  histories  of 
these  control  dynamics  allows  insight  into  an  aspect  of  piloted  flying  qualities  of  impor- 
tance to  a wide  range  of  practical  problems  ranging  from  landing  safety  to  weapon  deli- 
, very  accuracy.  To  illustrate  the  severity  of  this  task  interference  in  configuration  IB, 

Figure  34  reproduces  time  histories  from  Reference  3 that  show  225  seconds  of 
model  control  for  single-axis  B lateral  bank  angle  compared  to  bank  angle  as  part  of 
the  two-axis  task  IB.  It  can  be  seen  that  30-second  segments  of  the  two-axis  record 
' vary  widely  in  rms  statistics  as  well  as  contain  sudden  large  excursions  which  are 

totally  absent  in  the  sirigle-axis  time  history. 

' At  the  beginning  of  this  Subsection,  there  were  four  areas  of  investigation  to  be 

considered.  With  the  discussion  of  two-axis  attitude  stabilization  in  turbulence  com- 
plete, these  topics  can  now  be  briefly  summarized  as  follows: 

« 1)  Accuracy  and  standardization  of  the  method. 

The  specialization  of  ihe  general  pilot  model  as  represented  in  Section  HI 
to  the  attitude  stabilization  problem  required  no  arbitrary  decisions  of 
model  parameters  or  structure.  Model  predictions  were  obtained  throu^ 
a strictly  defined  procedure  of  optimizing  the  performance  of  the  total 
piloted  system  model,  and  then  exercising  this  model  in  a manner  similar 
‘ to  a flight  simulation  for  comparison  purposes.  In  no  way  did  this  proce- 

dure depend  on  the  particular  aircraft,  or  its  model  representation.  Conse- 
quently, the  pilot  model  could  be  used  in  conjunction  with  fully  general 
nonlinear  and  time-varying  aircraft  models  in  conjunction  with  aircraft 
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Single -Ax  is 

Figure  34.  Lateral  Time  Histories  for  Single-  and  Two-Axis  Turbulence 
Stabilization  of  Configuration  B Lateral  Dynamics 


simulations,  or  incorporated  into  large  flight  simulator  drive  computer 
programs.  The  accuracy  of  the  model  for  the  two-axis  radial  tracking 
errors  proved  to  be  9.  3%,  much  smaller  than  the  range  of  radial  tracking 
errors  of  various  configurations,  thus  giving  useful  resolution  in  the 
comparative  flying  qualities  of  the  configurations. 

2)  The  effects  of  attention  sharing  on  pilot  compensation. 

Optimum  compensation  in  terms  of  pilot  gain  and  lead  differed  significantly 
between  the  single-  and  two-axis  tracking  tasks.  In  general,  divided  atten- 
r tion  results  in  optimum  compensation  that  generates  lower  attitude  rates  to 

avoid  the  possibility  that  they  may  have  to  be  left  unattended  through  diver- 
sion to  the  other  task.  For  this  reason  the  gains  are  lower  and  the  leads 
greater  for  the  two-axis  task,  as  compared  to  single-axis  continuous 
tracking. 
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3)  The  effects  of  relative  display  gains. 

The  hypothesis  that  objective  urgency  as  modeled  in  the  decision  algorithm 
based  on  the  display  weighting  gains  would  agree  with  the  subjective  ur- 
gency adopted  by  the  pilot  was  substantiated  by  the  data  presented  on  task 
Interierence  graphs.  There  is  a wide  range  of  tradeoff  between  lateral  and 
longitudinal  control;  nevertheless,  the  model  predictions  were  close  to  the 
fli^t  simulation  data  in  terms  of  the  optimized  performance  quantity, 
radial  tracking  error.  By  considering  previously  reported  data  for  which 
the  turbulence  levels  were  allowed  to  fluctuate,  the  urgency  weightings  were 
seen  to  incorporate  both  display  and  disturbance  measures  to  produce  a 
task  weighting  that  governs  the  urgency  function  coefficients. 

4)  Task  interference  ejects. 

The  attention  division  that  characterizes  the  human  controller  faced  with 
more  than  one  demanding  tracking  task  causes  tracking  degradation  of  each 
axis  compared  to  continuous  control.  The  extent  to  which  this  occurs 
depends  on  the  dynamics  of  each  task  involved,  along  with  display  charac- 
teristics and  relative  disturbance  levels.  In  the  model,  these  effects  are 
accounted  for  by  the  hypothesis  that  the  urgency  function  coefficients  reflect 
the  total  task  weighting  as  adopted  by  the  pilot.  Flight  simulation  data  is 
consistent  with  this  hypothesis  in  terms  of  overall  statistics  as  well  as 
similarity  of  data  dispersion  owing  to  turbulence  disturbance  fluctuations. 
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B.  VALIDATION  OF  THE  MODEL  FOR  TWO-AXIS  ATTITUDE  STABILIZATION 

The  first  data,  Reference  3,  to  demonstrate  the  nature  of  two-axis  attitude 
stabilization  in  turbulence  was  obtained  in  the  summer  of  1974.  In  the  following  ] 

April,  the  model  was  validated  for  this  problem  using  the  moving-base  Northrop  Large  | 

Amplitude  Simulator,  Wide  Angle  Visual  System  (LAS/WAVS)  facility.  Although  the  | 

basic  comparison  between  the  model  and  the  moving-base  flight  simulation  was  pre- 
sented in  graphical  form  in  Reference  3,  a full  account  of  this  validation  study  is 
appropriate  here.  , 

The  piloted  tasks  are  similar  to  the  problem  discussed  in  the  previous  Subsec- 
tion, but  with  one  important  difference:  the  display  was  not  a CRT,  it  was  the  external 
view  projected  by  the  earth-sky  projector  of  the  WAVS  onto  the  hemisphere  that  sur- 
rounds the  pilot  in  the  simulator.  This  being  the  case,  there  was  no  natural  u/a  ratio  ^ 

to  use  in  the  urgency  functions  of  the  pilot  model.  The  horizon  appeared  as  mountain- 
uous  terrain,  which  induced  visual  thresholds.  The  aircraft  model  used  in  the  study 
was  the  fully  general  nonlinear  YF-17  description  including  all  table  look-ups  for  the  ; 

aerodynamic  descriptions  and  control  system  gain  schedules  as  mechanized  on  digi- 
tal computers.  The  cockpit  arrangement  and  stick  force  characteristics  also  corre-  ' 

sponded  to  the  YF-17  aircraft.  Dryden  spectra  turbulence  was  employed  according  to  i 

flight  condition  for  lateral  v-  and  longitudinal  w-gusts.  Six  flight  conditions  shown  in 
Figure  35  were  flown  by  a former  U.S.  Navy  test  pilot. 
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Figure  35.  YF-17  Flight  Conditions  Surveyed 

By  having  the  pilot  attempt  to  fly  the  simulator  in  still  air  back  to  trim  theta  and 
zero  phi  from  an  initial  condition,  visual  thresholds  for  the  external  display  were 
evaluated.  Short  control  periods  were  flown  so  that  heading  changes  induced  by  resi- 
dual non- zero  bank  angles  could  not  be  used  as  a bank  angle  indication.  The  result  of 
this  calibration  simulation  was  the  identification  of  a four-degree  threshold  in  bank 
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angle,  and  no  discernible  threshold  in  theta,  an  anticipated  result  since  the  horizon  ] 

could  be  viewed  across  the  edge  of  a head-up  gunsight.  This  visual  threshold  was  i 

directly  Incorporated  into  the  pilot  model  mechanized  on  the  simulator  drive  com- 
puters  in  the  following  way: 

If  ^ > 4®,  ^ observed  = ^ 

If  0 5 4®,  ^ observed  = 0 

1 

Comparisons  of  the  model  with  the  flight  simulation  for  single-axis  tasks  were  per-  | 

formed  in  a manner  similar  to  that  described  in  the  previous  Subsection.  Since  the 

description  of  the  complete  YF-17  cannot  be  released,  data  will  not  be  presented  in 

tables,  but  only  in  graphical  form.  These  comparisons  for  the  single-axis  stabiliza-  ^ 

tion  task  were  obtained  by  suppressing  the  turbulence  first  on  the  lateral,  and  then  on  ^ 

the  longitudinal  axis.  Figure  36  shows  the  comparison  for  bank  angle  stabilization  ^ 

where  the  model  and  simulation  data  are  averaged  from  30-second  flights.  i 


Figure  36,  Lateral  Stabilization  of  the  YF-17  Single-Axis 
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Comparison  of  the  model  with  the  simulation  for  the  single-axis  longitudinal  task  is 
given  in  Figure  37. 


Figure  37.  Longitudinal  Stabilization  of  the  YF-17  Single-Axis 


Since  the  external  display  does  not  lead  to  a natural  selection  of  the  urgency 
coefficients,  some  method  of  calibration  must  be  employed.  The  way  in  which  this 
was  done  depended  on  the  observation  that  for  the  model,  dwell  fraction  on  an  axis 
is  a monotonic  function  of  the  urgency  of  that  axis.  After  selecting  a flight  condition  - 
5000  ft.  at  Mach  0.  8 - for  calibration,  the  dwell  fractions  adopted  by  the  pilot  were 
estimated  using  x-y  plots  of  stick  activity.  The  model  was  then  exercised  to  determine 
the  urgency  coefficients  that  produced  this  dwell  fraction.  The  urgency  functions 
determined  by  this  method  were  then  held  constant  for  the  other  flight  conditions. 

The  urgency  functions  for  this  problem  are  given  by: 
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Agreement  between  the  model  exercised  in  this  manner  and  the  flight  simulation  is 
shown  for  the  lateral  axis  in  Figure  38.  Longitudinal  comparison  is  shown  in  Figure  39. 


Figure  38.  Lateral  Stabilization  of  the  YF-17  Two-Axis 


It  should  be  pointed  out  that  the  incorporation  of  the  visual  threshold  was 
essential;  without  it,  model  predictions  for  the  three  hij^est  dynamic  pressure 
fli^t  conditions  showed  poor  agreement  with  the  flight  simulation  data. 

To  see  what  task  Interference  effects  might  be  shown  in  this  study,  task  inter- 
ference graphs  are  presented  for  individual  flights  of  the  model  and  the  pilot  in 
Figures  40-45. 

Task  interference  effects  are  apparent  as  large  data  dispersion  in  low  dynamic 
pressure  flight  conditions  such  as  shown  in  Figures  41  and  44.  Unlike  the  case  of 
the  IB  configuration  of  Figure  32  the  worst  of  the  individual  flights  at  these  conditions 
are  bounded  by  the  open  loop  values  for  the  YF-17.  Again  it  should  be  emphasized  that 
this  dispersion  which  statistically  would  be  reported  as  a large  standard  deviation 
represents  Important  information  beyond  the  usual  interpretation  of  standard  deviations. 
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Figure  39.  Longitudinal  Stabilization  of  the  YF-17  Two-Axis 


Figure  40. 


Two-Axis  YF-17  Task  Interference  Graph  for  5000  Ft 


at  Mach  0. 4 
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Figure  41,  Two-Axis  YF-17  Task  Interference  Graph  for  30,  000  Ft  at  Mach  0.4 


5.0 


40K/0.8 


□ MODEL 


Figure  43.  Two-Axis  YF-17  Task  Interference  Graph  for  40,000  Ft  at  Mach  0.  8 
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Figure  45.  Two-Axis  YF-17  Task  Interference  Graph  for  10,000  Ft  at  Mach  1. 1 

There  are  six  conclusions  to  be  drawn  from  the  study  of  the  YF-17  in 
turbulence: 

1)  The  Urgency  Decision  Pilot  Model  accurately  predicts  (in  all  cases  with  the 
exception  of  the  calibration  flight  condition)  the  multiaxis  disturbance 
statistics  of  the  piloted  aircraft  in  turbulence. 

2)  The  model  as  presented  in  the  previous  Subsection  can  be  adapted  to  include 
visual  perception  effects  so  that  an  external  display  can  be  modeled. 

3)  The  method  naturally  lent  itself  to  the  analysis  of  the  complete  nonlinear 
time-varying  YF-17. 

4)  This  analysis  was  carried  out  by  using  an  existing  representation  of  the 
YF-17  without  any  modification  in  the  aircraft  model  by  simply  incor- 
porating the  pilot  model  into  the  LAS /WAVS  drive  computers. 

5)  Task  interference  effects  of  dispersion  with  respect  to  short  tracking  times 
are  esdiiblted  fay  advanced  tactical  aircraft  and  hence  constitute  an  important 
aspect  of  precision  flying  qualities. 
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The  sixth  conclusion  is  most  important  to  users  of  this  approach  to  piloted 
flying  qualities: 

6)  The  Urgency  Decision  Pilot  Model  Is  fully  validated  the  YF-17  study  for 
use  in  aircraft  simulations  to  evaluate  the  flying  qualities  of  attitude  stabili- 
zation in  turbulence. 
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C.  A SELF-GENERATED  VTOL  HOVER  TASK 


The  examples  of  the  preceding  Subsections  have  considered  flight  control  tasks 
that  were  single-loop  on  each  axis  and  required  holding  attitude  in  the  presence  of 
turbulence  disturbances.  To  demonstrate  the  versatility  of  the  full  Urgency  Decision 
Pilot  Model,  these  problem  characteristics  will  be  generalized. 

Consider  a VTOL  aircraft  model  first.  Each  axis  consists  of  inner  loop 
attitude  and  outer  loop  position  dynamics  as  shown  in  Figure  46. 


Figure  46.  VTOL  Aircraft  System  Dynamics 


The  pilot' s task  is  to  hover  over  the  ground  position  0, 0 in  the  presence  of 
pilot  induced  disturbances  only,  as  described  later.  It  is  assumed  that  the  pilot  has 
a display  from  which  he  can  read  position  X,  Y;  translation  velocity  u,  v;  attitude 
and  attitude  rate  e, 

These  fourth-order  dynamics  require  pilot  model  compensation  on  both  attitude 
and  position  control  for  each  axis  as  shown  in  Figure  47.  The  subscript  "P"  denotes 
longitudinal  (pitch),  and  "R"  lateral  (roll).  Hie  stick  command  6a  goes  into  the  air- 
craft dynamics  if  the  urgency  qondition  for  lateral  control  is  met.  A similar  model 
is  implemented  for  longitudinal  control. 

According  to  the  general  pilot  model  as  presented  in  Section  III,  the  urgency 
functions  will  take  the  forms  shown  in  Figure  48,  where  a,  0,  y,  6 are  the  constant 
urgency  function  coefficients. 
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Figure  47.  VTOL  Pilot  Model  Compensation  for  Lateral  Control 
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Figure  48.  Urgency  Functions  for  the  VTOL  Hover  Task 

It  is  easy  to  see  the  effects  of  the  a and  P terms  of  these  urgency  functions. 
Consider  the  lateral  urgency  of  the  two  cases  diagrammed  in  Figure  49. 


X 4 


V 


►¥ 

GREATER  URGENCY 


Figure  49.  Interpretation  of  VTOL  Urgency  Functions 

In  case  A,  there  is  a lateral  position  hovering  error  Y,  and  a translational 
speed  V taking  the  aircraft  away  from  the  commanded  position.  In  case  B,  the  same 
speed  is  reducing  the  identical  hovering  position  error  as  in  A.  However,  in  this 
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case,  the  fact  that  the  aircraft  is  moving  towards  the  commanded  position  clearly 
makes  B a much  less  urgent  control  matter  than  A.  The  form  of  the  o and  the  $ 
terms  takes  this  into  account  by  adding  the  magnitudes  of  position  hovering  error 
and  translational  speed  for  drift  outwards,  and  subtracting  for  drift  in  the  cor- 
rect direction.  Sign  convention  allows  this  formula  to  work  in  all  quadrants  for  both 
lateral  and  longitudinal  urgency.  A similar  concern  is  allowed  in  the  V and  6 
terms.  Calculation  with  the  model,  however,  shows  a lesser  advantage  in  using 
the  6 terms.  The  reason  for  this  is  the  high  frequency  of  the  attitude  control  loop 
in  the  presence  of  a pilot  delay  of  0.3  second.  Since  the  control  problem  is  sym- 
metric with  respect  to  each  axis,  the'  lateral  and  longitudinal  urgency  functions  have 
identical  coefficients. 

An  important  objective  of  this  example  was  to  demonstrate  the  ability  of  the 
model  to  match  performance  statistics  with  a flight  simulation  in  which  the  only  input 
disturbance  was  pilot  inaccuracy.  There  are  two  distinct  sources  of  this  for  the 
multiaxis  task.  The  first  is  observation,  estimation,  and  control  actuation  noise, 
which  is  modeled  using  an  additive  white  noise  superimposed  on  the  stick  commands. 
The  second  source  of  pilot  induced  error  arises  from  the  operation  of  the  side-arm 
controller  used  in  the  flight  simulation. 

Figure  50  shows  an  X-Y  plot  of  lateral  versus  longitudinal  stick  obtained  from 
the  flight  simulation. 


Figure  50,  X-Y  Plot  of  Lateral  Versus  Longitudinsil  Stick  for  VTOL  Hover 

This  figure  clearly  shows  the  division  of  control  activity  between  the  two  axes, 
but  this  division  Is  not  free  from  errors.  If  it  were  the  trace  would  lie  only  on  the 
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control  axes.  The  failure  for  this  to  be  the  case  shows  that  for  the  controller 
equipped  with  low  gradients  and  breakout  forces,  the  stick  was  not  precisely  centered 
nor  moved  exactly  parallel  to  the  control  axes.  These  control  actuation  errors, 
called  control  crossfeed,  References  1 and  2,  are  diagrammed  in  Figure  51.  They 
consist  of  bias,  the  failure  of  the  stick  to  be  centered,  and  skewness,  the  failure  of 
the  stick  to  be  moved  parallel  to  the  control  axis.  Data  such  as  that  shown  in 
Figure  50  indicates  that  during  any  control  episode,  a particular  value  of  bias  and 
skewness  applies.  In  this  figure,  boundaries  have  been  superimposed  to  indicate  the 
range  of  most  of  the  crossfeed. 


Figure  51.  Definition  of  Crossfeed,  Bias,  and  Skewness 

Uniformly  distibu ted  white  noise  was  used  to  model  these  sources  of  pilot 
induced  error.  Estimates  of  the  correct  amplitudes  were  obtained  from  flight  simula- 
tion data,  and  the  model  was  optimized  for  minimum  hovering  error.  A complete 
system  diagram  for  the  piloted  hover  problem  is  given  in  Figure  52. 

The  flight  simulation  was  performed  in  1973  on  a Northrop  fixed-base  simu- 
lator similar  to  the  one  described  in  Subsection  IV  A.  Position  error  was  displayed  as 
a point  and  attitude  was  presented  as  a line  whose  inclination  represented  bank  angle, 
and  whose  elevation  showed  pitch.  This  display  is  shown  in  Figure  53. 

The  subject,  a former  Navy  test  pilot,  determined  the  optimum  control  sensi- 
tivities and  was  asymptotically  trained.  Data  were  taken  for  a total  of  twenty  trials 
of  100  seconds  duration.  The  data  from  the  simulation  described  in  Reference  1 
are  tightly  clustered  and  show  only  a slight  learning  trend  during  the  final  ten  trials. 
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Figure  52.  Complete  System  Model  for  VTOL  Hover 
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Figure  55.  Theta  Time  Histories  from  Model  and  Simulation 

histograms,  Figure  56,  which  show  the  mean  control  period  to  be  between  1.  5 and 
2. 0 seconds.  These  statistics  are  combined  from  lateral  and  longitudinal  data  since 
the  dynamics  of  the  two  axes  are  identical. 


Control  Period  (sec)  Control  Period  (sec) 

Simulation  Model 

Figure  56.  Histograms  of  Pilot  Switching 


The  most  discriminating  comparison  of  the  urgency  function  model  and  the  flight 
simulation  is  in  the  statistics.  These  “ire  sh(r..  ? 'n  Figure  57.  This  agreement  of  the 
model  and  the  simulation  completes  the  comparisucs  for  the  VTOL  example. 

The  optimum  pilot  model  coefficients  are  given  in  Figure  58. 
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Figure  57.  Comparison  of  Model  and  Simulation  Statistics 
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Figure  58.  Optimum  VTOL  Pilot  Model  Parameters 
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The  postulated  form  of  the  urgency  functions  in  the  Northrop  Urgency  Decision 
Pilot  Model  has  provision  for  both  error  and  error  rate  terms.  It  was  the  purpose  of 
the  present  study  1)  to  apply  the  optimized  complete  model  with  urgency  function 
error  rate  terms  to  marginally  stable  and  imstable  second-order  system  d3mamics, 
and  2)  to  examine  the  characteristics  of  the  performance  of  the  optimized  incomplete 
model  without  urgency  function  error  rate  terms.  In  this  way,  the  importance  of  the 
error  rate  terms  in  achieving  optimum  performance  can  be  assessed  by  examining 
the  control  strategy  the  model  adopts  to  compensate  for  the  lack  of  error  rate  infor- 
mation in  its  attention  shifting  algorithm. 


The  postulated  form  of  the  urgency  functions  has  led  to  correct  predictions  in 
VTOL  hover,  attitude  stabilization  in  turbulence,  and  air-to-air  target  tracking 
analyses  as  discussed  elsewhere  in  this  Section.  In  the  attitude  stabilization  in  turbu- 
lence problem,  which  is  single-loop  on  each  axis,  it  was  found  that  the  error  rate  terms 
were  not  needed;  in  the  air-to-air  target  tracking  problem,  it  will  be  found  that  while 
error  rate  terms  are  needed  on  both  axes,  the  rate  coefficient  required  on  the  multi- 
loop axis  is  two  orders  of  magnitude  larger  than  that  required  on  the  single-loop  axis. 
These  results  raise  two  fundamental  questions: 

1)  Are  urgency  function  error  rate  terms  ever  required  for  single-loop 
component  tasks  ? 

2)  If  so,  how  do  they  improve  pilot  model  performance? 

To  answer  these  questions,  a two-axis  compensator;^  tracking  task  was  simu- 
lated. The  command  tracking  signals  were  generated  from  uniformly  distributed  white 
noise  as  shown  in  Figure  59.  Identical  filters  were  used  for  each  command. 


white  noise 


Figure  59.  Command  Tracking  Signal  Generation 

Two  sets  of  dynamics  and  two  command  tracking  filter  bandwidths  were  combined 
to  produce  six  two-axis  configurations  as  shown  in  Figure  60.  Both  symmetric  and 
asymmetric  combinations  were  used. 
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Figure  60.  Configurations  Simulated  for  Command  Tracking  Task 


A flow  diagram  of  the  total  piloted  system  appears  in  Figure  61.  The  pilot 
compensations  were  modeled  using  a gain  K,  lead  Tj^,  and  delay  r on  each  axis  and 
programmed  as  follows: 


6a  = (Delay  0e)| 

6e  = (Delay  T)|Kg(0g+Tj^ 

0 


The  delays  were  fixed  at  t = 0. 3 second,  and  the  gains  and  leads  were  chosen  to 
produce  optimum  model  tracking  statistics. 

The  urgency  functions  for  this  problem  are  of  the  form: 


^0  = 


“0  ^el  ^ 


"0  10 


0, 


^6  - 


“0  ®e  ^ 


9 \e_ 
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Since  the  planned  simulation  called  for  identical  display  gains  on  each  axis,  the 
relative  position  urgencies  as  perceived  by  the  pilot  are  equal,  so  that  and  Oq  can 
be  set  to  unity.  The  reflection  of  objective  urgency  as  presented  to  the  pilot  by  the 
display,  in  the  subjective  urgency  adopted  by  the  pilot  is  addressed  in  Reference  3. 
For  the  analysis  of  the  complete  model,  the  rate  coefficients  and  /3^  are  optimized 
along  with  the  compensation  gains  and  leads. 

In  order  to  discuss  how  the  model  is  optimized  for  this  problem,  it  is  first 
necessary  to  describe  the  display  used  in  the  flight  simulation.  The  CRT  display 
consisted  of  a bright  dot  against  a darkened  background  containing  white  crosshairs. 
Vertical  displacement  of  the  dot  away  from  the  origin  represented  0^,  while  hori- 
zontal displacement  indicated  0^.  The  pilot  was  instructed  to  keep  the  dot  as  close 
to  the  center  as  possible.  This  radial  tracking  error 

r(t)  = 

is  shown  in  Figure  62. 


Figure  62.  Flight  Simulation  Display 

Explicitly,  the  quantity  that  the  pilot  and  the  pilot  model  optimized  is  given  by 


r(t)  dt 

In  order  to  gain  insight  into  the  role  played  by  error  rate  terms  in  the  urgency 
functions,  the  model  was  optimized  using  a perturbation  method  to  select  K^,  K0,  Tj^ 
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Tl^i  /30»  and  The  resulting  tracking  performance  then  could  be  compared  with 
the  model  performance  obtained  by  setting  the  and  Pq  urgency  rate  coefficients  to 
zero  and  optimizing  by  selecting  K^,  , Tl^,  and 

Since  it  was  planned  that  the  pilot  in  the  subsequent  fixed-base  flight  simulation 
would  fly  a series  of  twenty  thirty-second  runs  for  a total  of  600  seconds  of  data  for 
each  configuration,  the  model  was  optimized  with  respect  to  the  average  radial  error 
for  the  same  test  schedule.  To  reduce  statistical  fluctuations  of  the  command  track- 
ing signal,  the  command  tracking  signal  sequence  for  each  of  the  short  runs  was 
computed  and  scaled  beforehand  to  produce  a zero  mean  and  unit  standard  deviation, 
i.e.,  unit  command  intensity. 

The  averaged  optimum  model  tracking  scores  and  the  corresponding  model 
parameters  for  each  of  the  six  configurations  with  and  without  error  rate  terms  in  the 
urgency  functions  are  given  in  Table  6.  Averaged  data  on  dwell  fractions  (the  percen- 
tages of  time  the  model  controls  each  axis)  and  mean  dwell  times  (the  average  length 
of  individual  control  episodes)  are  presented  in  Table  7. 

Table  6 shows  that  the  model  without  rate  terms  cannot  approach  the  tracking 
performance  of  the  model  with  rate  terms.  In  general  the  optimized  incomplete  model 
employs  lower  gains  and  hi^er  leads  than  the  optimized  complete  model.  Table  7 
shows  that  the  incomplete  model  spends  on  the  average  much  more  time  on  each 
control  episode  than  does  the  complete  model,  and  on  the  asymmetric  tasks  spends  a 
greater  portion  of  its  time  controlling  the  unstable  dynamics  l/s(s  - 1). 

A piloted  fixed-base  flight  simulation  was  performed  to  verify  the  pilot  model 
predictions.  To  limit  the  number  of  model  parameters  involved  in  the  problem, 
display  and  controller  effects  in  the  flight  simulation  were  minimized.  This  was 
done  by  using  a large  CRT  display  so  that  display  motions  were  amplified  enough  to 
eliminate  visual  threshold  effects  and  to  present  necessary  rate  information;  controller 
effects  were  reduced  by  using  a side-arm  controller  that  had  low  force  gradients  and 
low  but  conspicuous  breakout  forces.  The  same  computer  programs,  running  on  the 
same  digital  computers,  were  used  for  the  simulation  that  were  used  for  the  model 
analysis  work.  For  the  flight  simulation,  the  program  operated  in  real-time  and 
branched  around  the  pilot  model  routine,  reading  the  pilot's  stick  commands  through 
analog-to-digltal  converters. 

The  pilot  was  instructed  to  keep  the  dot  as  close  to  the  center  of  the  screen  as 
possible.  This  proved  to  be  a difficult  task,  requiring  several  hours  of  training  before 
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TABLE  6.  PILOT  MODEL  DATA  FOR  COMMAND  TRACKING  TASK 


1.38 


the  pilot  achieved  his  cptimum  performance.  It  also  required  much  experimentation 
with  the  controller  hnd  display  scalings  to  arrive  at  a combination  for  each  configura- 
tion that  allowed  the  pilot  to  perform  optimally. 

The  pilot  flew  thirty- second  runs,  in  sets  of  ten  or  twenty.  For  each 
configuration,  the  best  set  of  twenty  (or  the  best  pair  of  sets  of  ten)  was  saved,  giving 

a total  of  600  seconds  of  data.  On  the  asymmetric  configurations,  the  pilot  flew 

2 2 
ten  runs  with  l/s  lateral  and  l/s(s  - 1)  longitudinal,  and  ten  with  l/s  longitudinal 

and  l/s(s  - 1)  lateral. 

The  pilot's  averaged  tracking  scores  for  the  six  configurations,  along  with  the 
averaged  scores  for  the  complete  model  with  urgency  function  error  rate  terms,  are 
given  in  Table  8.  The  excellent  agreement  between  the  tracking  scores  predicted  by  the 
complete  model  with  the  flight  simulation  tracking  scores  is  shown  in  Figure  63. 


TABLE  8.  COMMAND  TRACKING  FLIGHT  SIMULATION  AND  MODEL  DATA 


Configuration 

Pilot 

Model 

r 

r 

O’ 

r 

1 

0.  311 

0.0250 

0.299 

0. 0744 

2 

0. 420 

0. 0619 

0.374 

0.0866 

3 

0.506 

0.0778 

0.464 

0. 122 

4 

0.609 

0.0678 

0.578 

0. 138 

5 

0. 0882 

0.647 

0.178 

6 

0.650 

0. 0952 

0.725 

0.158 

A few  comments  concerning  the  large  standard  deviations  in  Table  7 are  in 

order.  The  precomputing  and  scaling  of  each  command  tracking  signal  sequence 

removed  one  source  of  variability  from  the  runs  by  fixing  the  mean  of  0 and  0 at 

c c 

zero  with  a standard  deviation  of  one.  However,  this  did  nothing  to  standardize  the 
frequency  content  of  the  command  tracking  signals.  Owing  to  the  short  length  of  each 
run,  the  spectral  content  of  the  command  sequences  varied  widely  from  run  to  run. 
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Figure  63.  Agreement  of  Model  aad  Fli^ 
Simulation  Tracking  Scores 


This  is  illustrated  by  Figure  64,  which  presents  time  histories  of  two  command  track- 
ing sequences  for  the  simulation;  each  sequence  represents  thirty  seconds  of  real 
time.  It  is  likely  that  this  contributed  tc<  the  variability  in  both  pilot  and  model 
performance. 


Figure  64.  Sample  Tracking  Command  Time  Histories 


It  can  also  be  seen  in  Table  8 that  the  standard  deviations  for  the  model  are 
generally  larger  than  those  for  the  pilot.  It  was  sometimes  the  case  that  initial 
transient  command  tracking  errors  and  rates  were  of  such  a nature  that  the  pilot  had 
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to  abort  a run  shortly  after  it  began  (e.g. , the  dot  started  near  the  edge  of  the  screen 
and  quickly  went  out  of  sight).  Such  runs  were  not  counted,  and  no  statistics  were 
kept  for  them.  However,  the  model  did  not  have  this  luxury  and  had  to  fly  every 
command  sequence  that  came  along.  It  is  likely  that  a few  of  these  runs  with  large 
initial  transients  in  each  set  increased  the  standard  deviations  of  the  model's  tracking 
scores. 


The  Northrop  Urgency  Decision  Pilot  Model  was  applied  to  a compensatory 
tracking  task  involving  marginally  stable  and  unstable  second  order  system  dynamics 
in  an  effort  to  answer  two  fundamental  questions  concerning  the  model's  urgency 
functions; 

1)  Are  urgency  function  error  rate  terms  ever  required  for  single-loop 
tasks? 

2)  If  so,  how  do  they  improve  pilot  model  performance? 


Comparison  of  the  flight  and  pilot  model  simulations  demonstrated  the  complete 
’ model's  ability  to  predict  the  pilot's  tracking  statistics,  just  as  it  demonstrated  that 
the  incomplete  model  was  incapable  of  such  performance.  Analysis  using  the  pilot 
model  with  and  without  the  benefit  of  error  rate  information  in  the  urgency  functions 
demonstrated  the  importance  of  this  error  rate  information  in  the  following  ways: 

1)  The  complete  model  agreed  well  with  the  flight  simulation,  whereas  the 
incomplete  model  without  urgency  function  rate  terms  had  badly 
degraded  performance  not  seen  in  the  flight  simulation. 

2)  The  error  rate  information  in  the  complete  model  led  to  attention 
shifting  rates  necessary  to  control  the  unstable  systems,  while  the 
incomplete  model  was  not  able  to  initiate  corrective  action  promptly 
enough  to  maintain  low  error  rates. 

3)  Since  large  rates  built  up,  the  incomplete  model  was  forced  in  most 
cases  to  adopt  higher  leads  to  control  them,  while  adopting  lower  gains 
to  avoid  overcontrolling  the  system. 

4)  In  asymmetric  tasks,  the  incomplete  model  was  forced  to  spend  a 
disproportionate  amount  of  time  trying  to  control  the  rates  generated 
by  the  less  stable  dynamics. 
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From  the  results  of  this  study.  It  is  reasonable  to  conclude  that  urgency  func- 
tion error  rate  terms  are  required  for  analysis  of  any  unstable  or  marginally  stable 
system  or,  in  general,  for  any  system  capable  of  evolving  appreciable  error  rates. 


i 
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E.  COMPARISON  OF  THE  MULTIAXIS  PILOT  MODEL  WITH  WANAMAKER-SOWER 
DATA 

The  problem  described  in  the  previous  Subsection  is  similar  to  a study  performed 
by  Wanamaker  and  Sower  at  the  Air  Force  Institute  of  Technology,  Reference  8.  Their 
thesis  contains  the  complete  description  of  a command  tracking  flight  simulation 
analyzed  by  means  of  linear  reconstruction  theory  and  measured  mean  control  periods 
to  predict  the  tracking  errors.  Since  the  urgency  decision  multiaxis  pilot  model 
generates  its  own  information  concerning  sample  periods,  it  is  of  interest  to  compare 
the  mean  sample  data  the  model  generates  with  the  experimental  values  which  were 
obtained  through  the  use  of  a split  display  and  eye  electrodes.  The  model  was  exer- 
cised in  a manner  identical  to  that  just  described  in  Subsection  IV  D.  The  following 
data  is  taken  from  Reference  1.  Figure  65  shows  a sample  of  time  histories  for  the 
tracking  command  and  the  two  tracking  errors  for  20  seconds  of  flight  as  generated 
by  the  model.  In  this  case  one  of  the  axes  was  unstable,  called  the  side  task  in  the 
thesis.  For  all  combinations  of  dynamics  and  commands,  only  the  longitudinal  task 
was  given  a command  tracking  history;  the  lateral  command  was  the  constant  zero. 
Since  all  lateral  dynamics  were  unstable,  inadvertent  control  inputs  modeled  by  small 
initial  errors  were  sufficient  to  initiate  the  lateral  task. 


Figure  65.  Example  Time  Histories  Generated  by  the  Pilot  Model 


85 


Data  for  six  combinations  of  system  dynamics  and  command  bandw'idths  are 
given  in  Figures  66-71  for  Cases  1-6. 

LONGITUDINAL  DYNAMICS:  K/(s  - 1) 

LATERAL  DYNAMICS:  K/(s  - 1.5) 

COMMAND:  KAs + 0.5)2 


SUBJECT  1 

SUBJECT  2 

SUBJECT  3 

NORTHROP 
2-AXIS  MODEL 

a /o  c 
<RMS) 

0.2742 

0.3696 

0.3697 

0.4161 

MEAN 

CONTROL 

PERIOD 

(SEC) 

0.9509 

0.9271 

0.9277 

1.110 

ERROR 

BANDWIDTH 

(RAD/SEC) 

3.83 

3.61 

3.71 

4.20 

Figure  66.  Comparison  Data,  Case  1 


LONGITUDINAL  DYNAMICS:  K/s^ 
t^VTERAL  DYNAMICS:  KAs  • 0.5) 
COMMAND:  KAs  + 0.5)2 


SUBJECT  1 

SUBJECT  2 

SUBJECT  3 

NORTHROP 
2-AXIS  MODEL 

0 /o  c 

(RMS) 

0.3195 

0.4553 

0.5406 

0.3825 

MEAN 

CONTROL 

PERIOD 

(SEC) 

1.238 

1.285 

1.1006 

1.32 

ERROR 

BANDWIDTH 

(RAD/SEC) 

6.22 

5.92 

3.66 

3.8 

Figure  67.  Comparison  Data,  Case  2 
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LONGITUDINAL  DYNAMICS;  K/s 
LATERAL  DYNAMICS:  K/(s  - 1.5) 
COMMAND:  K/(s  + 1.5)^ 


SUBJECT  1 

SUBJECT  2 

NORTHROP 

2 AXIS  MODEL 

o/o 

(RMS) 

0.6249 

0.6156 

0.6159 

MEAN 

CONTROL 

PERIOD 

(SEC) 

1.22 

1.17 

1.11 

ERROR 

BANDWIDTH 

(RAD/SEC) 

4.87 

3.54 

4.6 

Figure  68.  Comparison  Data,  Case  3 


LONGITUDINAL  DYNAMICS;  K/(s-  1) 
LATERAL  DYNAMICS;  K/(s  - 1.5) 
COMMAND:  K/(s+  1.5)^ 


SUBJECT  1 

SUBJECT  2 

NORTHROP 
2-AXIS  MODEL 

j/a  g 

(RMS) 

0.8454 

0.8838 

0.8598 

MEAN 

CONTROL 

PERIOD 

(SEC) 

1.077 

1.008 

1.041 

ERROR 

BANDWIDTH 

(RAD/SEC) 

3.1 

4.1 

Figure  69.  Comparison  Data,  Case  4 
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LONGITUDINAL  DYNAMICS:  K/s^ 
LATERAL  DYNAMICS;  K/($  - 1.5) 
COMMAND:  K/(s+  1.5)^ 


SUBJECT  1 

SUBJECT  2 

NORTHROP 
2-AXIS  MODEL 

ala  g 
(RMS) 

0.8201 

1.0556 

0.8991 

MEAN 

CONTROL  PERIOD 
(SEC) 

1.551 

1.944 

1.923 

ERROR 

BANDWIDTH 

(RAD/SEC) 

7.04 

5.13 

Figure  70.  Comparison  Data,  Case  5 


LONGITUDINAL  DYNAMICS:  K/s 
LATERAL  DYNAMICS:  K/(s  • 1.5) 
COMMAND:  K/(s  + 0.5)^ 


SUBJECT  1 

SUBJECT  2 

SUBJECT  3 

NORTHROP 
2-AXIS  MODEL 

a la  ^ 

(RMS) 

0.2029 

0.2781 

0.2465 

0.2335 

MEAN 

CONTROL  PERIOD 
(SEC) 

1.093 

1.1515 

0.8939 

1.031 

ERROR 

BANDWIDTH 

(RAD/SEC) 

3.83 

3.32 

3.62 

3.8 

Figure  71.  Comparison  Data,  Case  6 

/ 
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Graphical  comparison  of  the  model  with  the  simulation  data  can  be  made  for 
both  the  tracking  errors  and  the  mean  sample  periods.  This  is  done  in  Figures  72 
and  73. 


Figure  73.  Comparison  of  Mean  Control  Periods 
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This  data  again  shows  the  accuracy  of  the  model  in  predicting  the  tracking 
errors  of  a multiaxis  task,  and  in  addition,  generating  the  mean  control  periods 
observed  in  the  flight  simulation  performed  at  AFIT. 
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F.  TARGET  TRACKING  WITH  VISUAL  DELAYS  AND  SIDE  TASK 

In  1975,  M.  J.  Queijo  and  D.  R.  Riley  of  NASA  LRC  performed  a flight  simulation 
study  to  determine  the  effect  of  time  delays  in  visual  cues  on  pilot  tracking  performance, 
as  reported  in  Reference  11.  The  subjects  controlled  a five  degree-of-freedom  aircraft 
tracking  a target  that  maneuvered  by  slow  altitude  oscillations  in  the  vertical  plane. 

By  delaying  the  visual  CRT  display,  evaluation  of  flight  simulator  time  delays  was 
obtained.  In  addition  to  vertical  and  horizontal  tracking  statistics,  workload  information 
was  obtained  by  use  of  a side  task  which  consisted  of  using  an  electrical  stylus  to  tap 
alternately  on  two  electrodes  separated  by  a barrier  and  strapped  to  the  subject's  leg. 
The  general  availability  and  completeness  of  the  reported  experiment  make  this  problem 
a useful  one  for  the  demonstration  of  the  Northrop  Urgency  Decision  Pilot  Model. 

The  pilot's  specific  tasks  were  as  follows: 

1)  Track  the  target  vertically.  The  target  oscillated  at  a frequency  of  0. 21 
radian/sec  with  an  amplitude  of  ±100  feet  at  a distance  of  600  feet  ahead 
of  the  tracking  aircraft. 

2)  Track  the  target  horizontally.  The  target  did  not  oscillate  horizontally; 
inadvertent  pilot  input  provided  the  lateral  task. 

3)  Whenever  possible,  perform  the  side  task  of  tapping  the  electrodes 
strapped  to  the  leg.  This  tapping  rate  was  postulated  to  measure  pilot 
reserve  attention  capacity  for  the  target  tracking  task. 

The  following  assumptions  are  made  to  establish  the  dynamic  form  of  the 
multiaxis  pilot  model: 

1)  The  pilot  tracks  vertically  and  horizontally,  not  in  azimuth  and  elevation. 

2)  The  vertical  tracking,  horizontal  tracking,  and  side  tasks  are 

performed  one  at  a time  depending  on  the  relative  urgencies  U.,,  U„, 
of  these  tasks.  “ 

3)  The  side  task  represents  a constant  urgency  diversion  from  the  vertical 
and  horizontal  tasks: 

UgT  = Constant 

These  pilot  model  assumptions  can  then  be  implemented  by  programming  a time- 
domain  simulation  of  the  pilot  compensations  for  each  task  along  with  the  urgency 
functions  and  their  associated  decision  logic.  Figure  74  shows  a diagram  of  the  com- 
plete simulation  model. 
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Figure  74.  Control  Configuration  for  Target  Tracking  Task 


Consider  the  vertical  task  first.  Here  the  tracking  task  is  essentially  to  point 

the  aircraft,  so  that  this  pilot  closure  is  a single-loop  pitch  tracking  task.  Now  if  e, 

K,  and  T denote  tracking  error,  pilot  model  gain,  and  pilot  model  lead,  with  the 
Xj 

subscripts  V and  H denoting  the  vertical  and  horizontal  tasks,  the  fixed-form  compen- 
sation of  the  vertical  task  can  be  written: 


6e=  (Delay  T) 


e + T-  t 

V V 


( 6a  = 0 

The  associated  urgency  function  of  this  single-loop  control  task  is  then  dictated 
by  the  general  formulation  of  the  Urgency  Decision  Pilot  Model  to  be  of  the  form: 


Uv  = 


a 


e + fl  ^v  S 

V ^v  


l^vl 


When  the  model  is  in  horizontal  control,  it  is  required  to  track  the  target  through 
changes  in  the  heading  of  the  tracking  aircraft.  This  multiloop  task  is  modeled  through 
an  inner  loop  attitude  stabilization  and  an  outer  loop  heading  command  tracking  closure. 
These  take  the  forms: 

6aj  - (Delay  T)j  K^(0  + 0)j 

«a2  = (Delay  t)  Ik^ 

6a  = 6aj  + 6a2 
6e  =0 


The  horizontal  urgency  function  takes  the  form: 


Of  the  various  pilot  model  parameters,  only  four  can  be  assigned  typical  values 
prior  to  optimizing  the  model  performance.  These  values  are  given  in  Figure  75. 

T = 0.3  second 

Tt  =0.5  second 

Ly 

T,  =0.5  second 

Ju0 

T,  =1.5  second 


Figure  75.  Pre-assigned  Pilot  Model 
Parameters  for  Target  Tracking  Task 
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To  demonstrate  the  predictive  capabilities  of  the  model,  it  is  necessary  to 
make  clear  the  procedure  for  obtaining  the  other  model  parameters  by  optimization, 
and  the  method  for  calibrating  the  side  task  urgency.  There  were  three  steps  involved 
in  doing  this: 

1)  Optimize  by  individual  parameter  variation  the  quantities 

Ky,  Oy,  K^,  Kjj,  Qijj, 

for  minimum  target  miss  distance 

using  no  side  task. 


2)  Using  these  optimized  values,  vary  UST  until  matches  (y  reported  for 
the  minimum  visual  delay  for  one  simulation  test  datum. 

3)  Holding  all  quantities  including  Ug^  constant  for  each  simulation  test  case, 
vary  the  visual  time  delay  by  retarding  the  pilot  model  input  to  obtain 
model  data. 

It  should  be  clear  from  the  above  description  that  the  model  was  adjusted  by 
optimization,  with  only  one  statistic  of  one  test  case  matched  to  the  simulation  data 
for  the  calibration  of  the  side  task  urgency. 

Two  test  cases,  5 and  6,  were  investigated.  Each  unit  of  visual  delay  equaled 
0.03125  second.  Table  9 shows  the  rms  comparison  data  for  pilot  model  and  flight 
simulation  for  a visual  delay  of  1.5  units.  It  can  be  seen  that  not  only  do  the  tracking 
errors  agree,  but  the  average  stick  amplitude  and  stick  rate  statistics  agree  as  well. 
Table  10  presents  the  data  for  a visual  delay  of  6.5  units.  Tracking  error  is  given  in 
meters,  and  stick  displacement  and  stick  rates  are  given  in  rad  and  rad/sec, 
respectively. 

For  case  5,  Figures  76  and  77  present  the  pilot  model  data  for  the  vertical  and 
horizontal  tracking  errors  in  comparison  with  means  and  standard  deviations  from 
simulation  data.  Pilot  model  data  are  presented  in  Table  11. 


94 


TABLE  9.  NUMERICAL  DATA  FOR  VISUAL  DELAY  OF  1.  5 UNITS 


CASE  5 

CASE  6 

Simulation 

Model 

Simulation 

Model 

‘v 

3.53* 

3.42 

3. 

72 

3.60 

‘h 

1.94 

1.97 

2. 

68 

2.06 

0.029 

0.030 

0. 

049 

0.  042 

ie 

0.0057 

0. 0044 

0. 

0089 

0.0097 

0.093 

0.26 

0. 

154 

0.  36 

ai 

0.025 

0.017 

0. 

035 

0.047 

♦matched  data  point  for  side  task  urgency  calibration 


TABLE  10.  NUMERICAL  DATA  FOR  VISUAL  DELAY  OF  6.  5 UNITS 


CASE  5 

CASE  6 

Simulation 

Model 

Simulation 

Model 

‘v 

4.09 

4.29 

5.05 

5.82 

2.39 

2.09 

3.45 

2.32 

ai 

0. 035 

0. 032 

0.061 

0.051 

ie 

0.0067 

0.  006 

0.011 

0.02 

aa 

0.098 

0.26 

0.169 

0.375 

ae 

0.027 

0.021 

C.038 

0.09 

A combined  comparison  of  cases  5 and  6 vertical  and  horizontal  tracking  errors 
is  presented  in  Figure  78  for  the  data  furnished  in  Tables  9 and  10. 

It  is  useful  to  examine  a plot  of  tracking  error  versus  time  as  it  would  be  viewed 
in  the  si^t  by  the  pilot.  Figure  79  was  obtained  from  the  pilot  model,  with  the  pilot 
model  control  episodes  shown  by  s3rmbols  as  indicated. 

There  are  two  important  observations  that  can  be  made  concerning  the  side  task. 
By  examination  of  many  time  histories  such  as  Figure  9,  it  was  clear  that  the  side  task 
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TABLE  11.  TARGET  TRACKING  PILOT  MODEL  DATA 


Case  5 

Case  6 

K 

V 

-0.002 

-0. 004 

“v 

2.0 

2.0 

0.1 

0.1 

0.  015 

0.02 

“h 

3.0 

3.0 

10.0 

10.0 

0.6 

0.6 

Ust 

5.5 

5.5 

Initial  Cjj 

0. 5 m 

0. 5 m 

e 

X 


z 

g 

I- 

D 

s 

(O 

h- 

X 

U 


Figure  78.  Comparison  of  Fli^  Simulation  and 
Pilot  Model  Target  Tracking  Errors. 
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TOTAL  TIME  = 60  SECONDS 


Figure  79.  Time  History  of  Pilot  Model  Control  Episodes 


was  performed  by  the  model  only  when  the  tracking  error  was  less  than  four  meters. 
Since  the  simulation  pilots  were  reported  not  to  perform  side  tasks  unless  the  error 
was  less  than  one  wing  semi-span  of  the  target,  this  model  side  task  behavior  is  con- 
sistent with  the  flight  simulation.  The  second  point  of  comparison  concerns  the 
frequency  of  side  task  episodes.  Strip  chart  data  from  the  flight  simulation  reported 
In  Reference  11  show  that  side  task  counts  tend  to  occur  in  pairs.  If  the  side  task 
counting  rate  is  halved  on  the  assumption  that  the  pilot  usually  gets  the  second  count 
once  he  has  looked  down  to  perform  the  first,  the  counting  rate  is  approximately 
equal  to  the  frequency  of  side  task  episodes  produced  by  the  Urgency  Decision  Pilot 
Model.  It  should  be  noted  that  the  side  task  has  significant  influence  on  vertical  and 
horizontal  tracking  errors;  since  these  statistics  compared  well,  the  assumption  of  a 
constant  urgency  model  for  the  electrode  tapping  side  task  appears  to  be  justified. 

Although  the  data  presented  here  has  been  limited  to  cases  5 and  6 of  Reference 
11,  the  following  four  conclusions  can  be  drawn  concerning  the  ability  of  the  Urgency 
Decision  Pilot  Model  to  represent  piloted  target  tracking: 

1)  The  model  calculated  vertical  tracking  errors  consistent  with  simu- 
lation data. 

2)  Even  though  there  was  no  horizontal  target  motion,  the  attention  diversion 
in  the  pilot  and  in  the  pilot  model  led  to  horizontal  tracking  errors  of 
nearly  the  same  size. 
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3)  The  assvimption  that  the  electrode  tapping  side  task  used  in  the  flight 
simulation  could  be  represented  as  a constant  urgency  task  was  justified 
by  a)  the  vertical  and  horizontal  tracking  errors,  b)  the  occurrence  of 
side  task  episodes  only  for  tracking  errors  less  than  4 meters,  and 

c)  the  frequency  of  side  task  episodes. 

These  results  justify  the  last  conclusion: 

4)  The  Urgency  Decision  Pilot  Model  can  be  used  to  predict  tracking  error 
performance  and  pilot  workload  for  maneuvering  targets  by  straightforward 
application  of  the  fixed  form  model  adjusted  through  optimization  and  side 
task  urgency  calibration  involving  only  one  data  point. 
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SECTION  V 


COMPARISON  OF  TURBULENCE  MODELS  AND 
CONTROL  SYSTEM  LAG  EFFECTS 

The  preceding  Sections  have  discussed  the  classification  of  precision  piloted 
flight  tasks  and  have  shown  how  the  general  Urgency  Decision  Pilot  Model  can  be  used 
to  address  a wide  variety  of  piloted  tasks.  The  remainder  of  the  report  will  consider 
further  applications  of  the  model  to  the  following  problems: 

• Comparison  of  Gaussian  and  Reeves  non-Gaussian  turbulence 

models. 

• Evaluation  of  the  effects  of  control  system  lags  on  two-axis 

attitude  stabilization  performance. 

• Evaluation  and  specification  of  flying  qualities  by  means  of  step 

target  tracking. 

• Prediction  of  pilot  reserve  attention  capacity  as  a measure  of 

pilot  workload. 

In  order  to  demonstrate  the  applicability  of  the  methods  to  general  aircraft 
models,  nonlinear  six  degree-of-freedom  aircraft  equations  will  be  employed.  The 
aircraft  to  be  studied  is  the  F-5E  in  a clean  configuration  at  nine  flight  conditions,  with 
and  without  flight  control  system  augmentation.  Since  these  aircraft  descriptions  will 
be  used  for  each  of  the  above  applications,  an  account  of  these  F-5E  configurations 
will  be  presented  next. 

A.  AIRCRAFT  DESCRIPTIONS  AND  EQUATIONS  OF  MOTION 

For  the  analyses  discussed  above,  nine  F-5E  configurations  were  chosen  from  the 
aircraft's  primary  operating  envelope,  shown  in  Figure  80.  The  flight  conditions 
simulated  are  given  in  Table  12,  and  corresponding  dimensional  stability  derivatives 
appear  in  Tables  13  and  14. 


ALTITUDE  - 1000  FT 


MACH  NUMBER 


Figure  80.  F-5E  Primary  Operating  Envelope 
TABLE  12.  F-5E  CONFIGURATIONS  SIMULATED 


Case 

Mach  No. 

Altitude 

(ft) 

uo 

(ft/sec) 

yvo 

(fl/sec) 

(deg) 

1 

0.4 

1750. 

445. 

35.8 

4.60 

2 

0.4 

10000. 

428. 

* 43.2 

6.56 

3 

0.6 

1750. 

669. 

25.7 

2.20 

4 

0.6 

10000. 

646. 

34.6 

3.07 

5 

0.6 

20000. 

620. 

48.6 

4.48 

6 

0.8 

1750. 

893. 

21.0 

1.35 

7 

0.8 

10000. 

861. 

27.8 

1.85 

8 

0.8 

20000. 

829. 

38.1 

2.63 

9 

0.8 

30000. 

794. 

54.4 

3.92 

*xx  " ft-lb-sec^ 
lyy  = 44200  ft-lb-sec^ 


I = 47000  ft-lb-sec^ 
zz 

I = I = I =0 
xy  xz  yz 


i 


i 
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TABLE  13.  F-5E  DIMENSIONAL  STABILITY  DERIVATIVES  - LATERAL  (BODY  AXES) 


TABLE  14.  F-5E  DIMENSIONAL  STABILITY  DERIVATIVES  - LONGITUDINAL  (BODY  AXES) 


The  aircraft  was  simulated  both  with  and  without  augmenter,  thus  giving  a total 
of  eighteen  test  points.  A description  of  the  F-5E  stability  augmentation  system  is 
presented  in  Appendix  C;  the  SAS  gains  for  each  of  the  nine  flight  conditions  are  given 
in  Table  15. 

TABLE  15.  F-5E  SAS  GAINS 


Case 

^A 

Ky 

1 

-0.24 

0. 19 

1. 1 

2 

-0.36 

0. 19 

1.4 

3 

0.042 

0.089 

0.73 

4 

-0.084 

0.15 

0.87 

5 

-0.22 

0.19 

1. 1 

6 

0.064 

0.077 

0.58 

7 

0.064 

0.077 

0.62 

8 

0.0056 

0.11 

0.78 

9 

-0.15 

0.19 

0.98 

The  coupled,  nonlinear,  six  degree-of-freedom,  constant  coefficient,  perturba- 
tion equations  of  motion  used  are  shown  in  Figure  81.  Kinematic,  gravity  orientation, 
and  inertial  nonlinearities  are  included.  The  equations  are  written  about  the  aircraft 
body  axes,  and  only  one  nonstandard  assumption  was  made:  that  neglected. 

For  the  ccmfigurations  studied,  zero. 

The  reader  should  note  that  in  the  equations  of  Figure  81,  all  dynamic  variables 
are  perturbed  about  trim  values.  The  only  nmi-zero  trim  values  are  u^,  w^,  and 
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u = g [sin  (1  - cos  0 cos  ^ ) - cos  sin  6]  - Q(Wq  + w)  + rv 
+ Xy  (u  + Ug)  + (w  + Wg)  + X^  w + Xjj  (q  + qg)  + X^^Se 


q 

r 


- — — I g[cos  0Q  (cos0  cos  (t>~  1)  - sin  (cos  ^ sin  6 coi(t>  + sin  ^ sin  0)] 

' ' I 1 

+ q(uQ  + u[  - pv  + Zy  (u  + Ug)  + (w  + Wg)  + (q  + qg)  + Zg^Se  I 
Ijpr  + My  (u  + Ug)  + M^  (w  + Wg)  + M^w  + (q  + qg)  + Mg^Se 
■apq  + (v  + Vg)  + Np  (p  + Pg)  + (r  + Fg)  + Ng^Sa  + Ng^6r 


V = glcosflyCOsO  sin  0 - sin0y  (cos  0 sin0  sin0  - sin  0 cos0)] 

- r (Uy  + u)  + p (Wy  + w) 

+ (V  + Vg)  + Yp  (p  + Pg)  + Y^  (r.+  fg)  + YggSa  + Yg^Sr 

p = l,qr  + (V  + Vg)  + Lp  (p  + Pg)  + (r  + fg)  + Lg^Sa  + Lg^6r 

8 = q cos  0 - r sin  0 

0 = P + <q  sin  0 + r cos  0) 
cos  8 

0 = (r  cos  0 + q sin  0) 

Figure  81.  Aircraft  Equations  of  Motion 


B.  COMPARISON  OF  GAUSSIAN  AND  REEVES  NON-GAUSSLAN  TURBULENCE 
Two-Axis  Attitude  Stabilization  in  Gaussian  Turbulence 

A simulation  of  two-axis  attitude  stabilization  in  turbulence  was  performed  using 
the  F-5E  aircraft  descriptions.  This  simulation  was  intended  to  serve  two  purposes. 

It  was  a base  case  for  comparison  with  the  subsequent  non-Gaussian  turbulence  and 
control  system  lag  simulations.  It  also  served  as  a further  validation  of  the  Urgency 
Decision  Pilot  Model  in  problems  involving  more  general  equations  of  motion  and  more 
complete  aircraft  and  control  system  descriptions. 

The  TASK  in  the  simulation  was  stabilization  of  roll  angle  and  pitch  angle  6 in 
the  presence  of  uncorrelated  u-,  v-,  and  w-gusts.  For  Gaussian  turbulence,  white 
noise  was  filtered  to  produce  the  Dryden  spectra  specified  in  Reference  12. 

The  experimental  setup  for  the  fixed-base  flight  simulation  was  similar  to  that 
described  in  Section  IV  A.  The  CRT  scalings  chosen  resulted  in  a hoiizcmtal  dot  dis- 
placement of  2.5  centimeters  per  degree  of  roll  angle  and  a vertical  dot  displacement 
of  10  centimeters  per  degree  of  pitch  angle,  for  a 0/<)>  scaling  ratio  of  four  to  one. 
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For  each  aircraft  configuration,  ten  thirty-second  runs  were  made,  giving  a 
total  of  five  minutes  of  data  for  each  test  point.  In  order  to  diminish  low-frequency 
effects  during  the  short  runs  and  remove  one  source  of  variability  in  the  data,  each 
gust  sequence  was  precomputed  and  scaled  to  zero  mean  and  ten  ft/ sec  rms.  Further 
information  on  the  precomputing  procedure  is  contained  in  Appendix  C. 

The  Urgency  Decision  Pilot  Model  applied  to  this  problem  was  of  the  same  form 
as  described  in  Section  IV  A,  with  one  major  difference:  in  the  current  simulation, 
error  rate  terms  in  the  urgency  functions  were  required  for  optimum  model  perfor- 
mance. This  was  necessary  even  though  the  component  tasks  were  both  single-loop. 
The  error  rate  coefficients  were  chosen  along  with  the  gains  and  leads  in  the  model 
optimization  process.  Since  the  G/4)  display  scaling  ratio  was  four  to  one  throughout 
the  flight  simulation,  the  longitudinal  urgency  function  error  coefficient  was  fixed  at 
four,  while  the  lateral  urgency  function  error  coefficient  was  fixed  at  one. 

For  some  of  the  configurations,  it  was  discovered  that  the  open  loop  attitude 
errors  in  turbulence  were  the  best  that  could  be  obtau:ed;  neither  the  pilot  nor  the 
model  could  improve  on  the  open  loop  errors.  Hence,  these  configurations  (Cases  3 
and  4 without  augmenter;  Cases  6 and  7;  Case  8 without  augmenter)  were  not  used  in 
the  three  simulations  discussed  in  this  Section. 

Open  loop  attitude  errors  for  all  eighteen  F-5E  configurations  are  presented  in 
Table  16.  Complete  flight  simulation  and  model  data  for  the  eleven  usable  configura- 
tions are  given  in  Tables  17  and  18.  The  mean  and  standard  deviation  values  shown 
throughout  the  remainder  of  the  report  were  calculated  for  sets  of  ten  rms  errors.  It 
should  be  noted  that  the  standard  deviations  of  the  rms  errors  are  strong  functions  of 
run  length,  in  this  case  30  seconds.  The  close  agreement  between  the  model's  scores 
and  the  pilot's  scores  — in  terros  of  both  mean  and  standard  deviation  — is  shown  in 
Figures  82  through  86,  plotted  from  Tables  17  and  18. 
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TABLE  16.  F-5E  OPEN  LOOP  ATTITUDE  ERRORS  IN  GAUSSIAN  TURBULENCE 


Lateral  error 
rms  (deg) 


With  augmenter 
Without  augmenter 

With  augmenter 
Without  augmenter 

With  augmenter 
Without  augmenter 

With  augmenter 
Without  augmenter 

With  augmenter 
Without  augmenter 

With  augmenter 
Without  augmenter 

With  augmenter 
Without  augmenter 

With  augmenter 
Without  augmenter 

With  augmenter 
Without  augmenter 


Longitudinal  error 

rms  (deg) 

1 

mean 

s.  d. 

0.886 

1.  59 

0. 160 
0.291 

1.10 

0.232 

1.  82 

0.341 

0.561 

0.0518 

0.878 

0.0778 

0.569 

0.0595 

1.05 

0.0813 

0.  633 

0.0805 

1.23 

0.  140 

0.374 

0.0196 

0.631 

0.113 

0.450 

0. 0270 

0.813 

0. 158 

0.484 

0.0341 

0.906 

0.  106 

0.482 

0. 0437 

1.05 

0.114 

TABLE  17.  FLIGHT  SIMULATION  DATA  - ATTITUDE  STABILIZATION 

IN  GAUSSIAN  TURBULENCE 


Tracking  Errors,  rms  (deg) 


Lateral 

Longitudinal 

Radial 

Case 

mean 

s.d. 

mean 

s.d. 

mean 

1 

With  augmenter 
Without  augmenter 

1.73 

2.20 

0.302 

0.581 

0.249 

0.344 

0.0382 

0.0454 

1.99 

2.60 

2 

V.  ith  augmenter 
Without  augmenter 

2.01 

2.29 

0.390 

0.544 

0.273 

0.287 

0.0560 

0.0340 

2.28 

2.56 

3 

With  augmenter 

1.24 

0. 143 

0.214 

0.0285 

1.51 

4 

With  augmenter 

1.52 

0.210 

0.196 

0. 0324 

1.71 

5 

With  augmenter 
Without  augmenter 

1.62 

2.41 

0.211 

0.493 

0.216 

0.298 

0.0319 

0.0436 

1.84 

2.69 

8 

With  augmenter 

1.33 

0.254 

0.190 

0. 0208 

1.53 

9 

With  augmenter 
Without  augmenter 

1.65 

2.42 

0.266 

0.346 

0.180 

0.291 

0. 0203 

0. 0362 

1.80 

2.69 

TABLE  18.  PILOT  MODEL  DATA  — ATTITUDE  STABILIZATION  IN  GAUSSIAN  TURBULENCE 
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Figure  82.  Agreement  of  Pilot  Model  and  Flight  Simulation  Data  for  F-5E 
Lateral  Tracking  Errors,  Gaussian  Turbulence 
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Figure  83.  Agreement  of  Pilot  Model  and  Flight  Simulation  Data  for  F-5E 
Longitudinal  Tracking  Errors,  Gaussian  Turbulence 
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Figure  84.  Agreement  of  Pilot  Model  and  Flight  Simulation  Data  for  F-5E 
Radial  Tracking  Errors,  Gaussian  Turbulence 


0 . 0-6 
PILOT  MODEL  (DEG) 

Figure  85.  Agreement  of  Pilot  Model  and  Flight  Simulation  Standard  Deviation 
Data  for  F-5E  Lateral  Tracking,  Gaussian  Turbulence 
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Figure  86.  Agreement  of  Pilot  Model  and  Flight  Simulation  Standard  Deviation 
Data  for  F-5E  Longitudinal  Tracking,  Gaussian  Turbulence 


The  Reeves  Non-Gaussian  Turbulence  Model 

Several  methods  have  been  developed  to  simulate  atmospheric  turbulence  for  use 
in  analysis  and  flight  simulation.  In  the  most  commonly  used  of  these,  Gaussian  white 
noise  is  shaped  by  linear  filters  so  the  resultant  signal  approximates  atmospheric  tur- 
bulence in  power  spectrum  and  intensity.  This  Gaussian  turbulence  model  was  used  in 
the  simulation  discussed  above. 

However,  the  probability  characteristics  of  the  Gaussian  distribution  do  not 
match  those  of  real  turbulence,  and  Gaussian  turbulence  does  not  display  the  large 
gusts  and  patchy  nature  of  real  atmospheric  turbulence.  Because  of  these  shortcom- 
ings, simulation  pilots  report  that  Gaussian  turbiilence  does  not  feel  like  real  turbu- 
lence, and  that  flight  simulations  employing  Gaussian  turbulence  are  not  sufficiently 
realistic.  Reference  13. 

Several  non-Gaussian  turbulence  models  have  been  proposed  to  overcome  defects 
in  the  traditional  Gaussian  model.  One  such  model  was  developed  by  P.  M.  Reeves, 
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Reference  13.  Basically,  the  Reeves  model  employs  Gaussian  white  noise  sources  and 
linear  filters  as  shown  in  Figure  87  to  produce  each  gust  component. 


GAUSSIAN 

WHITE  NOISE  LINEAR 

SOURCES  FILTERS 


Figure  87.  Reeves  Non-Gaussian  Turbulence  Simulation 

In  Figure  87,  a(t),  b<t),  and  d(t)  are  all  Gaussian  processes,  while  c(t),  the 
product  of  two  Gaussian  processes,  is  a Modified  Bessel  process.  The  final  gust  term 
is  thus  the  sum  of  a Gaussian  process  and  a Modified  Bessel  process. 

The  standard  deviation  ratio,  R = determines  the  probability  distribution 

and  patchy  character  of  the  gust,  u(t).  If  R is  very  small,  the  contribution  of  c(t)  can 
be  neglected,  and  u(t)  is  a Gaussian  process.  If  R is  very  large,  then  the  contribution 
of  d(t)  can  be  neglected,  and  u(t)  is  a Modified  Bessel  process.  Reeves  reported  that  an 
R value  of  approximately  unity  provides  the  best  mix,  producing  turbulence  that 
closely  matches  atmospherlp  turbulence  in  frequency  content,  probability  charac- 
teristics, and  patchiness. 

Two-Axis  Attitude  Stabilization  in  Reeves  Turbulence 

A fixed-base  flight  simulation  and  model  analysis  similar  to  those  reported  above 
were  performed  to  assess  what  effects  non-Gaussian  turbtilence  might  have  on  the 
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tracking  performance  of  both  a human  pilot  and  the  pilot  model.  The  only  difference 
was  that  now  Reeves  turbulence  was  used  instead  of  Gaussian  turbulence. 

The  Reeves  model  was  programmed  to  generate  uncorrelated  u-,  v-,  and 
w-gusts.  As  before,  the  gusts  were  precomputed  and  scaled  to  zero  mean  and 
10  ft/ sec  rms.  In  addition,  due  to  the  importance  of  the  standard  deviation  ratio  R, 
the  additive  terms  making  up  each  gust  component  were  scaled  In  the  precomputing 
process  so  that  R was  exactly  vuiity  in  each  thlrly-second  nm. 

Open  loop  attitude  errors  for  all  eighteen  F-5E  configurations  in  Reeves  turbu- 
lence are  presented  in  Table  19.  Complete  flight  simulation  and  model  data  for  the 
eleven  usable  configurations  are  given  in  Tables  20  and  21.  The  pilot  model  was  not 
re-optimized;  model  parameters  found  in  the  Gaussian  simulation  were  used  here 
unchanged.  The  mean  and  standard  deviation  values  shown  in  the  tables  were  calcu- 
lated for  sets  of  rms  errors  from  ten  30-second  runs. 

As  shown  in  Figures  88  through  90,  the  average  tracking  errors  of  the  pilot  and 
model  agree  closely;  agreement  of  the  pilot  and  model  in  standard  deviations  of  track- 
ing errors  is  also  apparent,  as  shown  in  Figures  91  and  92.  These  fibres  were 
plotted  from  Tables  20  and  21. 
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TABLE  19.  F-5E  OPEN  LOOP  ATTITUDE  ERRORS  IN  REEVES  TURBULENCE 


Case 

Lateral  error 
rms  (deg) 

Longitudinal  error 
rms  (deg) 

mean 

mm 

mean 

s.  d. 

1 

With  augmenter 

2.65 

0.756 

0.0971 

Without  augmenter 

2.72 

0.339 

1.29 

0.  181 

2 

With  augmenter 

3,46 

0.404 

0.911 

0.  140 

Without  augmenter 

3,35 

0.  407 

1.49 

0.214 

3 

With  augmenter 

1,39 

0.126 

0.512 

0.0289 

Without  augmenter 

1.80 

0.276 

0.784 

0. 0763 

4 

With  augmenter 

1.91 

0. 185 

0.  515 

0.0329 

Without  augmenter 

2.33 

0.295 

0.927 

0.  124 

5 

With  augmenter 

2.60 

0.264 

0.  560 

0.0403 

Without  augmenter 

2.80 

0.319 

1.04 

0.  137 

6 

With  augmenter 

0,920 

0.0679 

0.355 

0.0126 

Without  augmenter 

1,33 

0.224 

0.569 

0.0465 

7 

With  augmenter 

1.23 

0.0958 

0.422 

0.0173 

Without  augmenter 

1.68 

0.232 

0.661 

0.0743 

8 

With  augmenter 

1.71 

0.147 

0.450 

0.0204 

Without  augmenter 

2.30 

0.295 

0.830 

0, 140 

9 

With  augmenter 

2.33 

0.209 

0,439 

0.0240 

Without  augmenter 

2.74 

0,339 

0.938 

0.147 

TABLE  20.  FLIGHT  SIMULATION  DATA  - ATTITUDE  STABILIZATION 

IN  REEVES  TURBULENCE 


Case 

Tracking  Errors, 

rms  (deg) 

Lateral 

Longitudinal 

Radial 

mean 

s.d 

mean 

mm 

mean 

1 

With  augmenter 

1.89 

0.371 

0.232 

0.0396 

Without  augmenter 

2.21 

0.228 

0.342 

0.0420 

2 

With  augmenter 

2.02 

0.265 

0.257 

0.0388 

2.27 

Without  augmenter 

2.43 

0,275 

0.334 

0.0344 

2.77 

3 

With  augmenter 

1.20 

0.164 

0.219 

0.0211 

1.48 

4 

With  augmenter 

1.43 

0.123 

0.222 

0.0352 

1.68 

5 

With  augmenter 

1.63 

0,177 

0.202 

0.0201 

1.82 

Without  augmenter 

2.36 

0,604 

0.312 

0.0780 

2.67 

8 

With  augmenter 

1.28 

0. 186 

0.212 

0.0272 

1.53 

9 

With  augmenter 

1.59 

0,127 

0.184 

0.0330 

1.76 

Without  augmenter 

2.25 

0.343 

0.264 

0.0352 

2.49 

TABLE  21.  PILOT  MODEL  DATA  - ATTITUDE  STABILIZATION  IN  REEVES  TURBULENCE 
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Agreement  of  Pilot  Model  and  Flight  Simulation  Data  for  F-5E 
Lateral  Tracking  Errors,  Reeves  Turbulence 
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Figure  89.  Agreement  of  Pilot  Model  and  Flight  Simulation  Data  for  F-5E 
Longitudinal  Tracking  Errors,  Reeves  Turbulence 


Figure  90.  Agreement  of  Pilot  Model  and  Flight  Simulation  Data  for  F-5E 
Radial  Tracking  Errors,  Reeves  Turbulence 
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Figure  91.  Agreement  of  Pilot  Model  and  Flight  Simulation  Standard 
Deviation  Data  for  F-5E  Lateral  Tracking,  Reeves  Turbulence 
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Figure  92.  Agreement  of  Pilot  Model  and  Flight  Simulation  Standard  Deviation 
Data  for  F-5E  Longitudinal  Tracking,  Reeves  Turbulence 


Comparison  of  Gauss, ian  and  Reeves  l^on-Gaussian  Simulations 

Gaussian  and  Reeves  turbulence  models  differ  somewhat  in  spectral  content  and 
more  significantly  in  probability  distribution.  This  is  the  probable  cause  of  the  small 
but  noticeable  disagreement  in  the  F-5E  open  loop  attitude  errors  shown  in  Figures  93 
and  94.  The  average  tracking  scores  achieved  the  pilot  and  model  shown  in  Figures 
95  through  97  do  not  exhibit  any  marked  trend.  Figures  98  and  99  show  that  the  standard 
deviations  of  the  pilot's  and  model's  tracking  scores  are  generally  somewhat  smaller 
for  the  Reeves  turbulence  model  than  for  the  Gaussian  turbulence  model. 

As  a result  of  the  above  discussion,  the  following  conclusions  regarding  the  use 
of  the  Urgency  Decision  Pilot  Model  in  the  analysis  of  flying  qualities  in  turbulence 
can  be  drawn: 

• The  model  is  validated  for  a general  nonlinear  aircraft  representation. 

• The  model  is  accurate  for  prediction  with  the  non-Gaussiart  Reeves 

turbulence  model,  and  can  therefore  be  expected  to  be 
accurate  with  other  non-Gaussian  turbulence  sources. 
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• other  than  differences  in  standard  deviation  deriving  from  the  non- 
Gaussian  statistics,  there  is  no  significant  quantitative 
performance  distinction  between  the  Gaussian  and  Reeves 
non-Gaussian  models. 


GAUSSIAN  TURBULENCE  RMS  ^ (DEG) 


Figure  93.  Comparison  of  Gaussian  and  Reeves  F-5E  Open 
Loop  Lateral  Attitude  Errors 
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Figure  94.  Comparison  of  Gaussian  and  Reeves  F-5E  Open 
Loop  Longitudinal  Attitude  Errors 
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Figure  95.  Comparison  of  Gaussian  and  Reeves  F-5E  Lateral  Tracking 
Errors,  Pilot  Model  and  Flight  Simulation  Data 
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Figure  96.  Comparison  of  Gaussian  and  Reeves  F-5E  Long^itudinal  Tracking 
Errors,  Pilot  Model  and  Flight  Simulation  Data 
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Figure  97.  Comparison  of  Gaussian  and  Reeves  F-5E  Radial  Tracking 
Errors,  Pilot  Model  and  Flight  Simulation  Data 
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Figure  98.  Comparison  of  Gaussian  and  Reeves  F-5E  Lateral  Tracking  Error 
Standard  Deviations,  Pilot  Model  and  Flight  Simulation  Data 
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Figure  99.  Comparison  of  Gaussian  and  Reeves  F-5E  Longitudinal  Tracking 
Error  Standard  Deviations,  Pilot  Model  and  Flight  Simulation  Data 
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THE  INFLUENCE  OF  CONTROL  SYSTEM  LAGS  ON  TWO-AXIS  ATTITUDE 
STABILIZATION 


The  application  to  be  discussed  in  this  Subsection  concerns  the  allowable  control 
system  lag  for  attitude  stabilization  tasks.  Since  precision  flight  tasks  such  as  weapon 
delivery  and  landing  frequently  take  place  in  turbulence,  the  ability  to  eliminate  the 
disturbances  that  gusts  induce  is  important  to  good  flying  qualities.  This  will  be 
evaluated  by  introducing  equal  control  system  lags  into  the  pilot’s  lateral  and  longi- 
tundinal  stick  commands  and  comparing  the  performance  with  the  unmodified  F-5E 
performance  data  presented  in  the  last  Subsection. 

First-order  control  system  lags  were  evaluated  at  time  constants  of  0. 05  and 
0. 1 second.  Flight  simulation  data  was  obtained  using  the  simulation  procedure  and 
facility  referred  to  in  Subsection  B.  Complete  piloted  simulation  data  and  performance 
prediction  data  obtained  using  the  Urgency  Decision  Pilot  Model  are  presented  in 
Tables  22-25.  The  mean  and  standard  deviation  values  shown  in  the  tables  were  cal- 
culated for  sets  of  rms  errors  from  ten  30-second  runs. 


TABLE  22.  FLIGHT  SIMULATION  DATA  - ATTITUDE  STABILIZATION 
IN  GAUSSIAN  TURBULENCE,  0.  05  SEC  CONTROL  LAGS 


Tracking  Errors, 

rms  (deg) 

Lateral 

Longitudinal 

Radial 

Case 

mean 

mean 

mean 

1 

With  augmenter 
Without  augmenter 

1.71 

2.64 

m 

m 

0. 0262 
0.0655 

1.92 

3.04 

2 

With  augmenter 
Without  augmenter 

2.00 

2.67 

0.291 

0.441 

0.246 

0.306 

0.0467 

0.  0652 

2.23 

2.94 

3 

With  augmenter 

1.42 

0. 166 

0.220 

0.0166 

1.67 

4 

With  augmenter 

1.70 

0.221 

0.239 

0.0273 

1.95 

5 

With  augmenter 
Without  augmenter 

1.82 

2.84 

0.228 

0.408 

0.222 

0.357 

0.0345 

0.0474 

2.03 

3. 18 

8 

With  augmenter 

1.48 

0.206 

0.249 

0.0288 

1.78 

9 

With  augmenter 
Without  augmenter 

1.88 

2.74 

0.320 

0.274 

0.222 

0.292 

0.0418 

0.0357 

2.08 

2.98 

TABLE  23.  FLIGHT  SIMULATION  DATA  - ATTITUDE  STABILIZATION  IN 
GAUSSLUSf  TURBULENCE,  0. 1 SEC  CONTROL  LAGS 


Tracking  Errors, 

rms  (deg) 

Lateral 

Longitudinal 

Radial 

Case 

mean 

mean 

s.  d. 

mean 

1 

With  augmenter 
Without  augmenter 

2.01 

2.60 

■ 

0.274 

0.366 

0.0481 

0. 0440 

2.28 

2.99 

2 

With  augmenter 
Without  augmenter 

2.35 

3.19 

0.344 

0.519 

0.296 

0.407 

0.0350 

0.0713 

2,63 

3.58 

3 

With  augmenter 

1.49 

0.178 

0.249 

0.0298 

1.80 

4 

With  augmenter 

1.71 

0.217 

0.283 

0. 0452 

2.05 

5 

With  augmenter 
Without  augmenter 

1.98 

3.16 

0.300 

0.470 

0.252 

0.402 

0.0529 

0.0627 

2.22 

3.55 

8 

With  augmenter 

1.76 

0.253 

0.254 

0. 0403 

2.03 

9 

With  augmenter 
W'ithout  augmenter 

2.09 

3.05 

0.221 

0.455 

0.239 

0.458 

0.0346 

0.0528 

2.30 

3.56 

TABLE  25.  PILOT  MODEL  DATA  - ATTITUDE  STABILIZATION  IN  GAUSSIAN  TURBULENCE 


The  accuracy  of  the  model  in  predicting  the  effects  of  the  control  lags  is  demon- 
strated by  comparing  the  data  along  lines  of  agreement.  Figure  100  shows  the  com- 
parison of  the  data  for  the  bank  angle  tracking  errors  for  turbulence  intensities  of  ’ 
10  ft/ sec,  and  Figure  101  presents  the  data  for  pitch  angle  tracking  errors  for  the 
same  intensity  of  turbulence.  It  is  clear  that  the  agreement  is  good  for  a variation 
of  tracking  errors  exceeding  100  percent. 
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Figure  100.  Agreement  of  Pilot  Model  and  Flight  Simulation  Data  for 
F-5E  Lateral  Tracking  Errors,  Gaussian  Turbulence 
With  Control  l^stem  Lags 
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Figure  101.  Agreement  of  Pilot  Model  and  Flight  Simulation  Data  for 
F-5E  Longitudinal  Tracking  Errors,  Gaussian  Turbulence 
With  Control  System  Lags 


Graphs  that  are  similar  to  the  task  interference  figures  of  Section  IV  A will  be 
used  to  show  the  influence  of  the  control  lags  on  the  two-axis  attitude  stabilization  task 
performance.  Performance  of  the  two-axis  tasks  is  plotted  as  a point  with  coordinates 
of  bank  angle  and  pitch  angle  tracking  errors.  Thus,  the  F-5E  with  control  system 
lags  can  be  compared  to  the  unaltered  F-5E  flown  optimally  by  the  simulation  pilot, 
and  also  to  the  open  loop  aircraft.  These  data  are  presented  in  Figures  102  to  112 
for  the  eleven  flight  conditions/ configurations  studied  in  Subsection  V B. 
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F-5E  Case  1 

Figure  102. 
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, A 0.1  SEC  LAG 
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Figure  105.  Effect  of  Control  System  Lags  on  F-5E  Case  2 
Without  Augmenter,  Gaussian  Turbulence 
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Figure  106.  Effect  of  Control  System  Lags  on  F-5E  Case  3 
With  Augmenter,  Gaussian  Turbulence 
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Figure  108.  Effect  of  Control  System  Lags  on  F-5E  Case  5 
With  Augmenter,  Gaussian  Turbulence 
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Figure  109.  Effect  of  Control  System  Lag  on  F-5E  Case  5 
Without  Augmenter,  Gaussian  Turbulence 
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O OPEN  LOOP 
A 0.1  SEC  LAG 
0 0.06  SEC  LAG 
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0 0.05  SEC  LAG 
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Figure  112.  Effect  of  Control  System  Lags  on  F-5E  Case  9 
Without  Augmenter,  Gaussietn  Turbulence 


First  of  all,  it  is  apparent  by  inspection  of  Figures  102  through  112  that  no  sig- 
nificant deterioration  of  longitudinal  tracking  ability  takes  place  at  either  value  of  lag, 
whether  or  not  the  augmentation  is  being  used.  However,  the  trends  at  the  0. 1 sec 
lag  value  that  show  in  cases  2 and  9 without  augmenter  indicate  that  acceptable  per- 
formance in  pitch  attitude  tracking  may  be  degraded  by  lags  larger  than  0. 1 sec.  The 
overall  conclusion  is  that  for  the  attitude  stabilization  in  turbulence  task,  the  pilot  can 
perform  longitudinal  stabilization  in  the  F-5E  with  control  system  lags  of  the  order  of 
0.1  second. 

On  the  other  hand,  bank  angle  stabilization  is  quite  sensitive  to  control  system 
lags.  In  cases  1 and  2 with  augmenter  no  degradation  is  noted  for  a lag  of  0. 05  second. 
In  cases  3,  4,  5,  8 and  9 with  augmenter,  there  is  noticeable  degradation  in  per- 
formance with  lags  of  0.05  second.  For  lags  of  0. 1 second,  there  is  significant  track- 
ing degradation,  in  some  cases  resulting  in  essentially  open  loop  performance.  This 
is  evident  in  cases  3,  8,  and  9 with  augmenter,  and  cases  1,  2,  5,  and  9 without  aug- 
menter. From  this  It  Is  clear  that  a control  lag  of  0. 1 second  in  the  lateral  control 
system  is  unacceptable  for  the  F-5E  in  attitude  stabilization  tasks. 

( 

( 
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On  the  basis  of  this  data,  the  following  conclusions  are  Justified: 

• The  model  is  validated  to  evaluate  the  influence  of  control  system  lag  on 

two-axis  attitude  stabilization. 

• For  the  F-5E,  the  longitudinal  control  is  not  seriously  degraded  for  a 

h}rpothetical  control  lag  of  0. 05  second,  or  in  some  cases,  0. 1 sec. 

! • For  the  F-5E,  the  bank  angle  control  is  significantly  degraded  for  a 

hypothetical  control  system  lag  of  0. 05  second  and  badly  degraded 
for  a lag  of  0. 1 second. 


SECTION  VI 


STEP  TARGET  TRACKING  ANALYSIS  AND  PERFORMANCE  SPECIFICATION 

The  previous  two  Sections  have  demonstrated  the  application  of  the  Urgency 
Decision  Pilot  Model  to  predictions  of  statistical  performance  measures  of  precision 
flight  tasks.  These  time-invariant  problems  represent  long-term  performance 
averages.  In  contrast,  this  Section  will  consider  a transient  tracking  problem  in 
which  the  pilot  model  may  change  its  form  and  coefficients  as  a function  of  time  in 
order  to  perform  optimally  during  a short  tracking  period.  Associated  with  this 
TASK  is  an  EVALUATION  that  consists  of  not  only  rms  tracking  error  but  also  the 
nonlinear  measure  of  time-on-target  as  defined  by  a given  pipper  size. 

In  order  to  see  the  motivation  of  analyzing  discrete  maneuver  target  tracking, 
it  is  necessary  to  consider  current  specification  procedures  for  tactical  aircraft. 

A.  COORDINATION  OF  FLYING  QUALITIES  ANALYSIS  WITH  FLIGHT  TEST 
AND  SIMULATION 

MIL-F-8785B,  "Military  Specification,  Flying  Qualities  of  Piloted  Airplanes," 
Reference  14,  presents  boundaries  of  acceptance  in  terms  of  such  quantities  as  short 
period  frequency  and  damping.  These  criteria  have  been  obtained  through  operational 
experience  with  large  numbers  of  past  and  current  aircraft,  and  through  analysis  and 
simulation  — both  ground-based  and  in  variable- stability  airplanes.  Even  though  many 
of  these  aircraft  have  employed  stability  augmentation,  their  responses  to  control 
inputs  and  disturbances  generally  could  be  characterized  in  terms  of  an  equivalent 
unaugmented  "bare"  airframe.  Values  of  airframe  parameters  are  then  correlated 
with  pilot  ratings  on  a revised  Cooper-Harper  scale,  Reference  12. 

However,  there  is  an  increasing  tendency  to  add  compensation  and  adopt  forms 
of  control  which  may  change  the  character  of  the  response.  Then  to  the  extent  that  no 
equivalent  classical  "bare"  airframe  can  be  found  to  match  the  response,  these 
requirements  lose  validity.  Even  if  nothing  more  than  a time  delay  needs  to  be  added, 
one  can  easily  leave  the  data  base  behind. 
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Since  these  criteria  are  no  longer  sufficient  or  comprehensive,  there  has  been 
considerable  research  into  1)  the  nature  of  pilot  ratings,  2)  the  dynamics  of  closed 
loop  piloted  flight  as  predicted  using  dynamic  models  of  pilot  control  compensation, 
and  3)  innovative  simulation  and  flight  test  procedures.  There  has  been  considerable 
success  in  these  three  areas.  Pilot  ratings  deriving  from  different  rating  systems  can 
now  be  related  to  one  another.  Reference  15,  and  the  relation  of  ratings  to  certain 
performance  measures  has  been  demonstrated. 

On  the  other  hand,  flight  test  and  flight  simulation  — both  in-flight  and  ground- 
based  — have  not  been  subject  to  mathematical  constraints  that  have  limited  the  gen- 
erality and  scope  of  the  analytical  methods.  Consequently,  some  test  methods  have 
evolved  along  lines  of  discrete  test  maneuvers  evaluated  by  measures  that  have  not 
been  readily  computed  by  the  use  of  anal3rtic  models. 

It  is  unfortunate  that  these  three  areas  of  activity  have  not  led  to  an  integrated, 
consistent,  and  comprehensive  approach  to  the  evaluation  and  specification  of  piloted 
aircraft  flying  qualities.  The  problem  is  this:  as  aircraft  dynamics  become  more 
complex,  pilot  ratings  and  comments  become  more  difficult  to  relate  to  widely  used 
frequency-domain  or  optimal  control  pilot  models.  Furthermore,  many  flight  test 
procedures  such  as  wind-up  turns  and  step  target  tracking  have  not  been  analyzed 
owing  to  their  nonlinear  time-varying  descriptions  which  are  not  easily  incorporated 
into  pilot-aircraft  models. 

Pilot  ratings  and  pilot  comments  often  refer  to  two  basic  kinds  of  evaluation: 

1)  How  well  can  the  aircraft  be  made  to  perform?  2)  How  hard  is  the  task  to  carry  out? 
Since  these  two  questions  are  asked  simultaneously  by  the  Cooper-Harper  decision 
tree  employed  by  the  pilot  in  assigning  a rating,  performance  and  pilot  workload  are 
combined  into  a single  scalar  quantity,  the  rating.  Pilot  rating  prediction  formulas 
have  been  developed  that  weight  normalized  statistical  performance,  usually  an  rms 
tracking  error.  Reference  15,  along  with  an  assumed  correlate  of  pilot  workload,  such 
as  the  pilot  lead  compensation  constant.  Although  these  methods  have  correlated 
well  with  steady  state  tracking  data,  the  predictive  and  practical  aspects  of  this 
approach  have  yet  to  be  demonstrated,  especially  in  view  of  the  simplifications 
required  in  task  descriptions  and  system  models.  One  basic  problem  with  these 
approaches  is  that  pilot  model  parameters  of  lead,  reserve  attention  as  defined  by 
additional  task  requirements  on  the  pilot,  or  other  identifiable  pilot  characteristics 
are  difficult  to  relate  quantitatively  to  pilot  comments.  Furthermore,  the  limitation 
of  pilot  model  analysis  to  steady  state  statistics  of  a linearized  pilot- aircraft  model 


1 


138 


precludes  analysis  of  discrete  flight  test  maneuvers  such  as  wind-up  turns  and  step 
target  tracking. 

The  object  of  this  Section  is  to  present  a simple  method  for  coordinating  these 
areas  of  flying  qualities  research  through  the  use  of  the  Urgency  Decision  Pilot  Model 
which  can  be  used  to  model  discrete  maneuvers  and  fully  general  aircraft.  This 
approach  predicts  tracking  error  and  time-on-target  statistics  for  step  target  tracking 
in  a way  that  is  directly  related  to  both  pilot  ratings  and  pilot  comments.  As  an 
illustration  of  this  technique,  the  definitive  in-flight  simulation  study  of  longitudinal 
flying  qualities  performed  by  Neal  and  Smith,  Reference  16,  will  be  analyzed  in  terms 
of  step  target  tracking. 

B.  PILOT- AIRCRAFT  ANALYSIS  OF  LONGITUDINAL  STEP  TARGET  TRACKING 

One  of  the  most  familiar  and  widely  employed  guides  to  longitudinal  flying  quali- 
ties is  the  data  obtained  by  Neal  and  Smith  of  Cornell  Aeronautical  Laboratory  (now 
called  Calspan)  during  an  in-flight  simulation  sponsored  by  the  Air  Force  Flight 
Dynamics  Laboratory  in  1970.  The  test  matrix  included  variations  in  short  period 
frequency,  damping,  and  control  system  parameters.  Flight  test  evaluation  included 
pitch  angle  tracking  of  both  random  and  step  commands.  The  reported  pilot  ratings 
and  pilot  comments  cover  stick  forces,  predictability  of  response,  attitude  control/ 
tracking  capability,  normal  acceleration  control,  effects  of  random  disturbances,  and 
IFR  problems.  Most  pilot  comments  deal  with  initial  response  ("predictability  of 
response")  or  precision  attitude  tracking  control  ("attitude  control/tracking  capability"). 

It  is  clear  that  the  objectives  of  quick  initial  response  and  precise  tracking  once 
the  target  is  acquired  are  to  some  degree  opposed.  If  the  pilot  pulls  the  airplane 
toward  the  target  too  rapidly,  unwanted  overshoot  and  oscillation  about  the  target  may 
result.  On  the  other  hand,  pulling  too  slowly  to  the  target  may  lead  to  steady  tracking 
but  with  a penally  of  unacceptably  slow  target  acquisition.  The  ability  to  investigate 
this  compromise  and  predict  how  well  the  overall  task  can  be  achieved  for  a given  air- 
craft is  the  primary  advantage  of  using  the  time-domain  pilot  model  to  investigate 
step  target  tracking. 

Consider  a target  that  suddenly  appears  above  steady-state  trim  pitch  for  the 
tracking  aircraft.  The  pilot  sees  the  target  and  initiates  a pull-up.  At  some  point, 
say  D seconds  into  the  maneuver,  he  will  possibly  change  the  nature  of  his  control  to 
initiate  precision  tracking  and  reduce  steady-state  errors.  By  repeatedly  flying  this 
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maneuver,  he  will  learn  just  how  much  he  can  force  a quick  initial  response  without 
producing  overshoot  and  oscillation.  The  performance  of  this  step  target  tracking 
task  can  then  be  measured  by  rms  tracking  error  and  time-on-target  for  a given 
pipper  size  and  total  tracking  time. 

The  pilot  model  is  set  up  to  perform  this  tracking  task  in  just  the  way  the  pilot 
does  it  as  described  above.  This  is  shown  in  Figure  113.  There  will  be  two  forms 
for  the  pilot  compensation  elevator  command  de:  one  which  provides  the  initial  target 
acquisition,  and  the  other  after  time  D has  passed  which  controls  final  precision 
tracking  and  eliminates  steady  state  errors.  These  are  of  the  form: 


ACQUISITION 

time<D,  Je^  = (Delay  t) 


TRACKING 


time  2:  D, 

r 


(Delay  r) 


where  is  pitch  angle  tracking  error  and  the  subscripts  I and  F refer  to  initial 
acquisition  and  final  tracking,  respectively.  The  term  represents  a pilot's 
avoidance  of  steady  state  error  by  means  of  integral  control.  A pilot  delay  of 
■'■  = 0.3  ^ec  will  be  used. 


ACQUIRE  TARGET  . TRACK  TARGET 


STEP  TARGET 

COMMAND  $0 

1 
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\ 

1 S.  ib  PIPPER  DIAMETER 
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Figure  113.  Definition  of  Step  Target  Tracking  Task 
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The  following  quantities  must  now  be  adjusted  in  order  to  perform  a 
simulation  of  this  step  tracking  task  for  the  evaluation  of  a given  aircraft  configuration: 


K 


IC 


This  adjustment  will  be  performed  using  the  optimization  principle.  For  the  analysis 
of  step  target  tracking,  it  will  be  assumed  that  the  pilot  optimizes  time-on-target  and 
that  this  leads  to  the  best  compromise  of  rapid  target  acquisition  and  steadiness  of 
target  tracking.  The  adjustment  rule  for  the  pilot  model  is  thus:  choose  the  param- 
eters any  way  that  leads  to  a maximum  time-on-target.  In  practice,  it  is  easiest 
to  use  the  following  procedure: 

1)  Select  a pipper  size  and  a total  tracking  time,  T^,. 

2)  Set  D = Tj,.  Increase  Kp  and  Tj^  as  required  to  obtain  the  most  rapid 
acquisition  of  target  with  moderatl  overshoot  and  oscillation. 

3)  With  Kp  and  Tj^  fixed,  set  D to  that  time  where  6 is  approximately  80% 
of  the  step  command. 

4)  Vary  Kp  and  and  Kj^  to  increase  tlme-on-target. 

Steps  1-4  result  in  an  initial  guess  for  the  parameters.  Final  optimization  requires 
use  of  a gradient  method  which  obtains  the  partial  derivatives  of  time-on-target  with 
respect  to  all  model  parameters,  including  the  time  D.  Once  the  model  is  adjusted,  a 
matter  that  is  easy  in  practice,  rms  tracking  error  and  time-on-target  can  be 
obtained.  Data  for  the  Neal  and  Smith  aircraft  configurations,  computed  in  this  man- 
ner, will  be  presented  next. 

Equations  for  the  Neal  and  Smith  configurations  were  programmed  as  described 

in  their  report.  Reference  16,  with  the  exception  that  the  high-frequency  second-order 

control  dynamics  were  omitted.  Forty-two  configurations.  Series  1 through  7,  were 

calculated  with  the  aid  of  a programmable  desk  calculator  and  plotter,  and  the  reader 

who  is  interested  in  applying  this  method  is  encouraged  to  repeat  the  analysis  of  the 

Neal  and  Smith  configurations.  A pipper  diameter  of  0.005  radian,  a step  size  of  i?.2 

radian,  and  total  tracking  time  of  5 seconds  have  been  adopted.  Since  the  system  is 

linear,  any  choice  of  step  and  pipper  size  that  preserves  the  40  to  1 ratio  will  lead  to 

the  same  time-on-target  and  normalized  rms  statistics.  Complete  data  for  these 

configurations  are  g^ven  in  Figures  114-155,  where  rms  $ is  normalized  by  the 

e 

0.2  radian  step  size.  The  pilot  ratings  shown  are  the  best  obtained  by  Neal  and  Smith 
for  each  configuration. 
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Figure  150  shows  the  optimized  step  tracking  response  of  one  of  the  better  con- 
figurations surveyed,  7C,  which  was  given  a rating  of  PR  = 1.5.  In  this  case,  the 
rapid  acquisition  of  the  target  leads  to  low  rms  0 while  the  steadiness  of  the  preci- 
sion  tracking  results  in  large  time-on-target.  On  the  other  hand.  Figure  118  shows 
a poor  configuration,  IF  (PR  = 8)  that  has  sluggish  response  indicated  by  high  rms 
e . Even  worse  is  the  inability  of  this  configuration  to  settle  out  on  the  target  so  that 
the  time-on-target  is  mostly  achieved  during  target  crossings.  Other  configurations 
show  a wide  range  of  specific  handling  qualities  problems:  aircraft  that  exhibit  great 
overshoot  and  others  with  a steady  state  error  that  is  difficult  to  overcome  even  with 
the  use  of  the  integral  control  compensation. 

C.  CORRELATION  OF  PILOT  RATINGS  WITH  STEP  TARGET  DATA 

The  military  flying  qualities  specification,  MIL-F-8785B,  establishes  numerical 
criteria  that  define  Levels  of  flying  qualities  performance  which  in  general  correspond 
to  Cooper-Harper  pilot  ratings: 

Level  1 - PR  1 -3.5 

Level  2 - PR  3.5  - 6.5 

Level  3 — PR  6. 5 — 9. 5 

It  is  useful  to  examine  the  correlations  with  pilot  ratings  of  the  rms  0^  and  time-on- 
target  data  obtained  for  the  Neal  and  Smith  configurations.  The  normalized  rms  0^ 
data  is  presented  in  Figure  156.  The  expected  result  of  increasing  pilot  rating  number 
with  increasing  rms  is  clearly  shown.  However,  vertical  lines  are  needed  on  the 
figure  at  specific  rms  0^  values  in  order  to  specify  the  performance  as  Level  1,  2,  or 
3.  But  no  lines  can  be  drawn  that  do  not  also  include  many  points  from  the  wrong 
Levels.  This  failure  of  rms  0^  to  correlate  with  pilot  ratings  sufficiently  well  for 
specification  purposes  has  been  frequently  noted,  and  attempts  to  weight  other  quan- 
tities along  with  it  to  produce  stronger  correlations  were  referenced  earlier.  From 
the  above  description  of  the  piloted  task,  it  is  clear  that  the  rms  0^  statistic  is  inci- 
dental, time-on-target  being  the  primary  performance  measure.  If  time-on-tai’get  is 
plotted  against  pilot  ratings,  there  is  again  a strong  correlation  as  shown  in  Figure  157. 
Unfortunately,  this  correlation  is  even  less  able  to  furnish  specification  boiuidaries 
than  the  rms  0^  versus  pilot  rating  data. 
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From  the  above  it  is  clear  that  the  single  performance  parameters  rms  or 
time -on-target  are  not  sufficient  to  specify  acceptable  performance  of  the  Neal  and 
Smith  configurations.  If  one  considers  that  the  pilot  might  trade  rms  6^  and  time-on- 
target  against  one  another  in  generating  his  pilot  rating,  these  statistics  become  more 
useful.  To  see  how  this  trade-off  may  take  place,  normalized  rms  6^  is  plotted 
versus  time-on-target  with  the  point  indicated  by  the  minimiun  pilot  rating  given  by  a 
test  pilot  during  the  in-flight  simulation.  This  is  shown  in  Figure  158  along  with 
apparent  boundaries  that  neatly  separate  the  regions  of  Levels  1,  2,  and  3.  With  the 
exception  of  seven  points  out  of  forty-two,  all  configurations  lie  in  regions  bounded  by 
apparent  curves  that  illustrate  the  trade-off  between  the  two  performance  measures. 
These  curves  show,  for  example,  that  a pilot  will  tolerate  more  sluggish  response  in 
a given  Level  if  the  resulting  time -on-target  is  especially  good,  and  conversely.  Since 
the  parameters  rms  and  time-on-target  correlate  with  pilot  ratings  obtained  during 
a flight  test  program  that  examined  various  tracking  tasks,  the  representation  of 
target  tracking  by  the  step  target  appears  to  be  justified. 


Figure  158.  Pilot  Ratings  as  Functions  of  rms  6^  and  Time-On- Target 
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D.  MULTIAXIS  STEP  TARGET  TRACKING 


The  success  of  the  method  of  step  target  tracking  applied  to  longitudinal  target 
tracldng  evaluation  motivates  an  extension  of  the  method  to  multiaxis  flying  qualities. 
Unfortunately,  little  published  data  is  available  for  multiaxis  target  tracking  that 
could  be  used  to  correlate  rms  error  and  time-on-target  parameters,  or  other  param- 
eters derived  from  a model  for  the  complete  piloted  six  degree-of-freedom  aircraft. 
Even  so,  the  importance  of  multiaxis  flying  qualities  cannot  be  overlooked,  and  the 
appropriate  multiaxis  pilot  model  will  be  briefly  presented  in  the  expectation  of  future 
data  comparisons. 

The  model  for  multiaxis  step  target  tracking  is  easy  to  establish.  On  each  axis, 
longitudinal  and  lateral-directional,  initial  and  final  compensation  strategies  are  fol- 
lowed as  in  the  longitudinal  analysis  presented  above.  All  that  is  needed  is  the  atten- 
tion allocation  algorithm  including  a rule  for  the  initial  target  acquisition  phases  on 
each  axis,  which  will  be  referred  to  as  the  vertical  and  horizontal  tracking  tasks. 

For  this  general  case,  the  step  target  should  be  established  not  simply  as  an  attitude 
error,  but  as  a position  relative  to  the  tracking  aircraft.  A system  diagram  for  this 
general  problem  is  shown  in  Figure  159.  The  adjustment  of  this  general  model  fol- 
lows the  method  for  the  longitudinal  analysis  with  one  exception:  a rule  must  be 
enforced  that  causes  the  model  to  perform  a lateral-directional  target  acquisition 
phase  without  interruption,  followed  by  a longitudinal  target  acquisition  phase  also 
without  interruption.  Once  these  initial  tracking  phases  are  complete,  the  attention 
of  the  model  is  allocated  by  the  urgency  decision  logic.  Now  consider  the  pilot  com- 
pensation, which  will  be  of  the  same  form  for  initial  and  final  tracking  except  for  the 
possible  use  of  integral  control,  not  shown. 

Consider  the  vertical  task  first.  Here  the  tracking  task  is  essentially  to 
point  the  aircraft,  so  that  this  pilot  closure  is  a single-loop  pitch  tracking  task.  Now 
if  € , K,  and  Tj^  denote  tracking  error,  pilot  model  gain,  and  pilot  model  lead,  with 
the  subscripts  V and  H denoting  the  vertical  and  horizontal  tasks,  the  fixed-form  com- 
pensation of  the  vertical  task  can  be  written: 

’de  = (Delay  t)  ‘v)} 

•< 

6a.  = 0 
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Figure  159.  Control  Configuration  for  Step  Target  Tracking 

The  associated  urgency  function  of  this  single-loop  component  task  is  then  dic- 
tated by  the  general  formulation  of  the  Urgency  Decision  Pilot  Model  to  be  of  the  form: 


U = a I < I — 

V v|  v| 


When  the  model  is  in  horizontal  control,  it  is  required  to  track  the  target 
through  changes  in  the  heading  of  the  tracking  aircraft.  This  multiloop  task  is 
modeled  by  an  inner  attitude  stabilization  loop  and  an  outer  heading  command  loop 
tracking  closure.  These  take  the  forms: 


a a^ 

~ (Delay  t)  j 

aag 

= (Delay  t)  ■i 

[^(‘h  * ^ 

da 

de 

= 0 

The  horizontal  urgency  function  takes  the  form; 


The  various  pilot  parameters  are  optimized  by  considering  initial  and  precision 
tracking  phases.  These  quantities  can  be  adjusted  by  a gradient  method  starting 
with  an  initial  guess  that  is  obtained  independently  for  each  axis  in  a manner  similar 
to  the  one  used  in  analyzing  the  longitudinal  step  target  problem. 


E,  VALIDATION  OF  THE  STEP  TARGET  PREDICTION  METHOD  BY  F-5E  AIRCRAFT 

The  previous  two  Subsections  have  presented  the  method  of  step  target  tracking 
performance  prediction.  Pilot  ratings  obtained  by  the  Neal-Smith  in-flight  simulation 
correlated  with  time-on-target  and  rms  tracking  error  statistic'  The  purpose  of  this 
Subsection  is  to  compare  the  boundaries  suggested  by  the  Neal-Smith  data  with  F-5E 
aircraft  performance. 

The  F-5E  descriptions  used  in  the  analysis  presented  here  are  those  reported 
in  Section  V.  All  nine  flight  conditions  shown  in  Figure  80  have  been  analyzed  with  and 
without  augmenter  for  step  target  longitudinal  tracking  response.  These  were  com- 
puted using  the  nonlinear  equations  of  motion  presented  in  Section  V.  The  data  for 
each  flight  condition  and  control  configuration  are  given  in  Figures  160-177. 

Comparison  of  the  step  tracking  responses  for  each  flight  condition  with  and 
without  augmenter  shows  the  importance  of  proper  augmentation  for  good  tracking 
response.  In  the  augmented  cases,  the  initial  response  is  faster  as  reflected  in  the 
rms  tracking  error  statistic,  while  the  better  damped  dynamics  lead  to  larger  time- 
on-target  values.  To  demonstrate  the  validity  of  the  boundaries  shown  in  Figure  158 
based  on  the  Neal-Smith  data,  the  F-5E  response  data  is  plotted  on  these  boundaries 
in  Figure  178.  Since  the  augmented  F-5E  has  good  Level  1 flying  qualities,  while  the 
unaugmented  aircraft  may  or  may  not  meet  Level  1 criteria,  the  Level  1- Level  2 
boundary  is  consistent  with  the  F-5E  data.  In  this  way,  not  only  do  the  data  of  Fig- 
ure 178  show  the  gradient  direction  of  improving  performance  which  characterized  the 
Neal-Smith  data,  but  the  actual  suggested  boundary  position  is  consistent  as  well. 
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Figure  163.  F-5E  Case  2 Step  Target  Tracking  Response 
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F.  SPECIFICATION  OF  AIR-TO-AIR  TRACKING  PERFORMANCE 

The  main  objective  of  this  report  is  to  present  methods  for  the  prediction,  evalu- 
ation and  specification  of  closed  loop  multiaxis  flying  qualities.  In  Sections  IV,  V, 
and  VI,  performance  prediction  methods  have  been  demonstrated  and  validated  that 
allow  the  investigation  of  a broad  class  of  precision  piloted  flight  tasks.  Evaluation 
procedures  derivable  from  these  methods  include  the  study  of  task  interference  effects 
and  sensitivity  analysis  to  determine  the  influence  of  visual  limitations,  control  system 
lags  or  delays,  and  human  controller  remnant.  Important  as  these  applications  are, 
they  are  not  suitable  for  MIL-F-8785B  inclusion  since  the  problems  studied  are 
usually  highly  specialized  to  a particular  aircraft  and  flight  mission. 

The  success  of  the  step  ta>*get  tracking  prediction  method  allows  the  following 
suggestions  for  tracking  performance  specification.  For  a specification  to  be  a useful, 
discriminating,  and  fair  criterion  for  tactical  aircraft  procurement,  the  following 
items  must  be  satisfied: 

1)  The  specification  item  must  be  numerical. 

2)  The  qteclfication  item  must  correlate  with  pilot  comments  and  pilot  ratings. 

3)  The  specification  item  must  be  easily  measured  in  flight  test  or  flight 
simulation. 


T 


4)  The  specification  item  must  be  reliably  predictable  by  analytical  means  for 

use  in  early  design  and  development  evaluation.  i 

5)  The  method  that  predicts  the  specification  item  must  be  applicable  in  a 

completely  standardized  form  that  evaluates  the  most  general  models  of  the  < 

candidate  aircraft  available. 

6)  The  specification  item  must  be  valid  for  all  current  acceptable  aircraft,  and 
must  exclude  poor  or  unacceptable  aircraft. 

Unfortunate  v,  these  six  requirements  for  military  specification  criteria  have 
not  all  been  met  t any  steady-state  approach  to  the  precision  tracking  problem.  How- 
ever, the  transient  method  of  step  target  tracking  potentially  satisfies  these  items.  In  1 

particular,  the  step  target  method  has  fhe  following  characteristics  that  correspond  to 
the  requirements  iisted  above: 

1)  The  step  target  method  is  based  on  the  numerical  measures  of  rms  tracking 
error  and  time-on-target  as  shown  in  Figure  158. 

2)  The  two  measures  correspond  with  pilot  comments  in  the  following  way: 

rms  tracking  error  - quickness  of  response 

and  overshoot  characteristics 

time-on-target  - steadiness  on  target  and 

precision  tracking 
characteristics 

In  addition,  these  two  measures  strongly  correlate  with  pilot  ratings 
obtained  by  Neal  and  Smith. 

3)  The  use  of  step  target  tracking  is  already  an  established  flight  test 
procedure.  It  is  completely  standardized  and  easily  tested. 

4)  The  step  target  response  is  easily  predicted  for  longitudinal  step  target 
tracking,  and  the  extension  to  multiaxis  target  tracking  is  straightforward. 

5)  The  method  can  be  used  with  all  representations  of  candidate  aircraft  from 
linear  to  full  nonlinear  equations. 

6)  The  method  clearly  establishes  performance  boundaries  for  the  Neal-Smith 
and  F-5E  aircraft.  The  only  remaining  requirement  for  MIL-F-8785B 
inclusion  is  further  validation  by  current  advanced  tactical  aircraft. 

i 
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SECTION  vn 

PREDICTION  OF  PILOT  RESERVE  ATTENTION  CAPACITY 

Section  VI  demonstrated  that  pilot  ratings  and  pilot  comments  obtained  during  an 
in-flight  simulation  of  longitudinal  flying  qualities  could  be  accounted  for  by  means  of 
two  performance  statistics  that  are  easily  predicted  using  the  time-varying  capabilities 
of  the  Urgency  Decision  Pilot  Model.  Since  pilot  ratings  are  thought  to  reflect  pilot 
workload  as  well  as  performance,  this  correlation  of  pilot  ratings  with  rnis  tracking 
error  and  time-on-target  raises  two  questions; 

1)  Do  multi-dimensional  performance  measures  inherently  contain 

measures  of  pilot  workload? 

2)  What  is  pilot  workload,  and  can  it  be  directly  predicted  using  the 

Urgency  Decision  Pilot  Model  ? 

A conjecture  concerning  the  first  question  will  be  presented  at  the  end  of  this 
Section.  An  analysis  presented  there  will  show  that  the  term  "pilot  workload" 
covers  a number  of  separate  aspects  of  flying  qualities  that  may  or  may  not  be  related 
to  one  another.  One  of  these  interpretations  of  pilot  workload,  reserve  attention 
capacity,  is  an  important  and  much  neglected  area  of  flying  qualities  analysis.  A 
general  method  for  predicting  this  reserve  attention  workload  measure,  and  a demon- 
stration of  how  it  is  employed  for  the  F-5E  aircraft  dynamics,  are  the  main  subjects 
for  this  Section. 

A.  SIDE  TASKS  AND  PILOT  RESERVE  ATTENTION 

The  term  "side  task"  has  already  been  introduced  in  Section  III  D where  it  was 
defined  to  be  "a  component  task  whose  performance  is  not  measured  or  optimized  by 
an  EVALUATION  requirement. " A side  task  consistent  with  this  definition  was  analyzed 
in  the  target  tracking  problem  presented  in  Section  IV  F in  which  the  simulation  pilot 
was  given  a task  of  tapping  an  electrode  strapped  to  his  leg  whenever  he  felt  he  had  the 
opportunity.  The  counting  rate  for  this  task  was  intended  to  measure  the  extent  to 
which  the  pilot  was  necessarily  occupied  with  the  main  target  tracking  tasks.  A 
generalization  of  this  method  will  be  presented  next. 


Depending  on  the  particular  TASK,  the  pilot  may  have  some  capability  for  dealing 
with  other  chores  or  emergencies  that  may  intrude.  These  intrusions  are  almost 
always  eliminated  in  simulation  studies,  but  represent  frequent  occurrences  in  actual  . 

flight  experience.  For  this  reason,  such  considerations  are  important  in  the  evalua- 
tion of  flying  qualities.  Ideally,  during  a critical  flight  phase  such  as  landing,  the 
pilot  would  be  capable  of  dealing  with  tasks  other  than  tracking,  such  as  communica- 
tions, instrument  scans,  or  even  emergency  procedures. 

By  postulating  that  these  additional  task  intrusions  can  be  modeled  or  simulated 
by  using  specific  side  tasks  such  as  electrode  tapping,  the  sensitivity  of  a particular 
aircraft  mission  to  attention  diversion  can  be  assessed.  Thus  the  side  task  can  pro- 
vide information  about  the  performance  capability  in  the  other  tasks.  These  consider- 
ations motivate  the  following  definition:  i 

Pilot  Reserve  Attention  Capacity  is  defined  to  be  the  percentage 
of  time  that  a pilot  can  be  diverted  from  a specified  TASK 
by  a specified  side  task  and  still  maintain  acceptable  per- 
formance of  the  TASK  in  terms  of  the  EVALUATION. 

• 

It  is  necessary  to  consider  how  a given  side  task  can  be  used  to  produce  quanti-  i 

tative  measures  of  performance  in  order  to  develop  a standardized  approach  to  using 
side  tasks  for  measuring  or  predicting  pilot  reserve  attention  capacity.  The  following  | 

Subsections  will  present  these  methods  along  with  a classification  of  side  tasks  and 
an  analysis  of  the  relationship  of  pilot  reserve  attention  to  pilot  workload.  < 

B.  PREDICTION  OF  PILOT  RESERVE  ATTENTION  CAPACITY  FOR  CONSTANT 

URGENCY  SIDE  TASKS 

The  simplest  side  task  to  be  considered  is  represented  by  attention  diversion.  1 

In  the  Urgency  Decision  Pilot  Model  this  is  represented  by  a constant  urgency  Ug.j,  with 
a minimum  dwell  time  enforced.  It  will  be  shown  that  such  a side  task  model  covers  a 
large  number  of  real  flight  task  instrusions,  and  is  a reasonable  approximation  to  many 
more.  Thus,  the  following  presentation  of  a prediction  method  based  on  this  simple 
side  task  model  has  broad  applicability  to  flying  qualities  analysis. 

There  are  two  quantities  that  must  be  defined  in  order  to  present  the  data 

A 

obtained  using  the  side  task  model.  The  first  is  tracking  task  degradation.  This 
quantity,  A«,  is  defined  to  be  the  percentage  of  tracking  error  increase  over  the 
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optimum  tracking  error  with  no  side  task  for  a given  value  of  side  task  urgency  Ug-p* 
Associated  with  this  degradation  is  the  amount  of  time  the  model  is  diverted  to  the 
side  task.  This  percentage  represents  how  much  attention  is  associated  with  the 
side  task  and  is  called  the  reserve  attention.  RA. 

These  two  quantities,  tracking  degradation  , and  reserve  attention  RA,  are 
monotonically  increasing  functions  of  the  single  variable  Ug^.  and  would  qualitatively 
resemble  the  examples  shown  in  Figures  179  and  180. 


Figure  179.  Tracking  Degradation  as  a Function  of  Side  Task  Urgency 
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Figure  180.  Reserve  Attention  as  a Function  of  Side  Task  Urgency 

Both  tracking  degradation  and  reserve  attention  are  functions  of  the  side  task 
urgency,  Ug^,  which  is  kept  constant  for  each  run.  These  two  quantities  can  be 
plotted  against  each  other  for  each  value  of  Ug ^ used  in  the  calculations.  This  results 
in  a graph  that  shows  the  sensitivity  of  task  degradation  to  reserve  attention  capacity. 
If  an  aircraft  has  flying  qualities  that  lead  to  large  increases  in  tracking  task  degrada- 
tion for  only  a small  amount  of  reserve  attention,  the  pilot  has  little  opportunity  to 
deal  with  additional  task  intrusions  beyond  the  main  TASK.  This  means  that  his  work- 
load for  the  given  TASK  is  high.  On  the  other  hand,  if  a large  amount  of  reserve 
attention  is  available  with  small  tracking  degradation,  the  workload  level  is  low.  It 
should  be  carefully  noted  that  this  interpretation  is  in  fact  a definition  of  pilot  work- 
load, and  that  this  definition  may  or  may  not  correlate  with  other  commonly  used 
workload  interpretations.  This  will  be  discussed  later  in  Subsection  E. 

The  regions  of  high  and  low  workload  are  thus  predictable  in  terms  of  the 
tracking  degradation  and  reserve  attention  as  shown  in  Figure  181.  In  practice,  suit- 
able values  of  Ug.^  can  be  easily  found  that  give  sufficient  resolution  in  At  and  RA. 
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Figure  181.  High  and  Low  Pilot  Workload  as  Functions  of  Tracking 
Degradation  and  Reserve  Attention 

C.  RESERVE  ATTENTION  CAPACITY  DURING  ATTITUDE  STABILIZATION  IN 

TURBULENCE 

The  method  of  using  a constant  urgency  side  task  to  determine  reserve  attention 
capacity  will  now  be  demonstrated  by  evaluating  the  pilot  workload  of  the  F-5E  air- 
craft during  the  attitude  stabilization  in  turbulence  task  that  was  reported  in  Section  V B. 
In  contrast  to  the  target  tracking  problem  presented  in  Section  IV  F,  the  attitude  stabi- 
lization TASK  involves  tracking  errors  of  a high  frequency  nature.  For  such  high 
frequency  TASKS,  there  is  little  reserve  attention,  and  the  problem  is  one  of  studying 
the  sensitivity  of  tracking  degradation  for  small  percentages  of  reserve  attention.  For 
this  reason,  the  coefficients  of  the  optimum  model  can  be  used  without  re-optimizing 
for  each  value  of  the  constant  side  task  urgency  Ugj.  A minimum  side  task  dwell 
time  of  0.3  second  was  enforced.  The  model  "performs"  the  side  task  only  when  the 
component  task  urgencies  are  less  than  Ug-p-  The  side  task  is  incorporated  into  the 
pilot  model  as  shown  in  Figure  9. 

The  reserve  attention  and  radial  tracking  error  data  for  the  eleven  usable  F-5E 
cases  presented  in  Section  V are  given  in  Table  26.  Model  data  was  obtained  from 
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five-minute  runs.  The  corresponding  reserve  attention  sensitivity  graphs  are  shown 
in  Figures  182  through  192.  The  apparent  reserve  attention  capacity  of  these  cases 
varies  coLsiderably,  from  little  reserve  attention  in  Case  1 without  augmenter  to  much 
reserve  attention  in  Cases  2 and  5.  With  the  possible  exception  of  Case  1,  the  reserve 
attention  for  a given  Ae  is  not  degraded  at  a given  flight  condition  by  turning  off  the 
control  augmentation. 


TABLE  26.  F-5E  RESERVE  ATTENTION  DATA 


Case 

r(<j>,e)(rad) 

RA% 

Ar(<j),e)% 

1 

With  augmenter 

0 

0.0307 

0 

0 

0.0380 

5. 1 

23.8 

0.0409 

7.2 

33.6 

0.014 

0.  0472 

9.3 

53.8 

1 

Without  augmenter 

0 

0.0419 

0 

0 

0.005 

0.0465 

2.7 

10.9 

0.007 

0.  0645 

3.2 

53.9 

0.008 

0.0659 

4.7 

57.3 

2 

With  augmenter 

0 

0. 0384 

0 

0 

0.01 

0.0403 

8.4 

4.9 

0.014 

0.0422 

11.5 

9.9 

0.02 

0.0461 

16. 1 

20.0 

0.03 

0.0662 

23.1 

72.4 

2 

Without  augmenter 

0 

0.0454 

0 

0 

0.01 

0.0489 

7.7 

7.7 

0.014 

0.0509 

9.9 

12. 1 

0.02 

0.0526 

13.4 

15.6 

0.03 

0.0616 

19.5 

35.9 

3 

With  augmenter 

0 

0.0255 

0 

0.007 

0.0280 

5.1 

9.4 

0.01 

0.0330 

8.1 

32.4 

0.014 

0.0498 

8.7 

95.3 

4 

With  augmenter 

0 

0.0290 

0 

0 

0.007 

0.0309 

5.1 

6.6 

0.01 

0.0319 

8.2 

10.0 

0.014 

0.0422 

11.3 

45.5 

5 

With  augmenter 

0 

0.0329 

0 

0 

0.006 

0.0349 

5.9 

5.8 

0.01 

0.0373 

10.3 

13.4 

0.014 

0.0385 

12.6 

17.0 

0.02 

0.0415 

15.9 

26.1 

TABLE  26.  F-5E  RESERVE  ATTENTION  DATA  (CONCLUDED) 
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Figure  186.  Reserve  Attention  for  F-5E  Case  3 With  Augmenter 
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Figure  189.  Reserve  Attention  for  F-5E  Case  5 Without  Aiigfnenter 


Figure  190.  Reserve  Attention  for  F>5E  Case  8 With  Augmenter 
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Figure  192. 
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Reserve  Attention  for  F-5E  Case  9 Without  Augmenter 


192 


It  is  important  to  keep  in  mind  that  the  reserve  attention  capacity  represented 
in  Figures  182-192  evaluates  a TASK  that  consists  of: 

1)  Lateral  attitude  stabilization 

2)  Longitudinal  attitude  stabilization 

so  that  the  side  task  used  in  the  EVALUATIC*^  plays  no  part  in  the  TASK  description. 
In  other  words,  the  use  of  the  side  task  in  the  model  analysis  is  an  artifice  to  evaluate 
the  capacity  of  the  pilot  to  assume  greater  task  loading  should  it  occur.  The  exclusive 
attention  allocation  of  the  two-axis  TASK  implies  that  the  dwell  fraction  of  at  least  one 
component  task  is  greater  than  or  equal  to  one-half.  The  side  task  increases  the  total 
attention  diversion  from  each  task  so  that  the  values  of  RA  shown  in  Figures  182-192 
represent  total  diversions  of  greater  than  50  percent  on  at  least  one  of  the  component 
tasks  in  every  case.  It  is  tempting  to  evaluate  this  total  attention  diversion  capacity 
of  each  component  task  by  applying  the  constant  urgency  side  task  method  to  single- 
axis tasks.  This  is  unrealistic  for  the  following  reasons: 

1)  In  an  actual  flight  situation,  component  tasks  are  allocated  attention 

according  to  the  urgency  demands  of  all  component  tasks  in  the  TASK. 

2)  Task  interference  effects  are  of  importance  in  the  evaluation  of  pilot 

reserve  attention  capacity. 

3)  Diversion  of  the  attention  from  one  component  task  to  the  side  task  influence 

the  relative  urgency  state  of  the  other  component  task. 

In  spite  of  these  objections  to  evaluating  the  pilot  reserve  attention  capacity  in 
single-axis  tasks,  an  attempt  was  made  to  do  just  this  using  the  data  of  References  17 
and  18  which  report  pilot  ratings  for  attitude  stabilization  in  turbulence.  All  configura 
tions  in  these  reports  were  examined,  and  little  correlation  was  found  between  the 
pilot  ratings  and  the  reserve  attention  capacity.  Since  the  intent  of  these  references 
was  to  obtain  pilot  ratings  that  reflected  workload,  the  results  of  these  calculations 
appeared  paradoxical.  Further  investigation  revealed  that  the  pilot  ratings  of 
References  17  and  18  are  strongly  correlated  with  performance  normalized  by  the 
apparent  lateral  ride  qualities.  This  demonstrates  influence  of  ride  qualities  on  pilot 
ratings;  an  analysis  of  this  data  has  been  included  in  Appendix  A. 

The  above  discussion  has  depended  upon  using  side  tasks  that  can  be  modeled 
as  attention  diversions  based  on  constant  urgency.  An  analysis  of  possible  side  tasks 
will  be  presented  next  to  show  how  this  assumption  relates  to  other  side  tasks. 
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D.  SELECTION  OF  CANDIDATE  SIDE  TASKS  FOR  RESERVE  ATTENTION 
PREDICTION 


The  last  Subsection  presented  a method  for  predicting  the  reserve  attention 
capacity  of  a pilot  for  a given  TASK  by  using  a Active  constant  urgency  side  task  in 
the  Urgency  Decision  Pilot  Model.  This  side  task  had  the  following  features; 

1)  The  main  task  components  were  interrupted  only  when  all  of  their 

associated  urgencies  were  least,  i.  e.  when  they  could  best  afford 
interruption. 

2)  Other  than  the  enforced  minimum  dwell  time  of  0. 3 second,  no 

descriptive  information  of  the  side  task  was  required. 

3)  The  side  task  did  not  depend  in  any  way  on  the  TASK. 

4)  The  side  task  did  not  alter  the  TASK  description,  or  the  adjustment 

procedures  for  the  model. 

5)  The  side  task  urgency  function  constants  Ug-p  were  not  used  in  the  analysis 

other  than  as  a means  of  obtaining  task  degradation  as  a function  of 
reserve  attention. 

6)  The  side  task  was  completely  unbiased  toward  any  aircraft  or  TASK. 

For  any  method  of  assessing  flying  qualities  that  depends  on  the  use  of  urgency- 
based  analytical  or  experimental  test  side  tasks,  the  above  six  conditions  must  be 
met.  The  objective  now  is  to  determine  whether  other  side  tasks  also  may  qualify, 
and  if  so,  what  advantages  they  may  have. 

As  explained  above,  the  constant  urgency  side  task  led  to  task  interruptions 
that  occurred  at  the  best  times  in  terms  of  the  component  task  urgencies.  Such  tasks 
that  divert  attention  according  to  an  urgency  measure  that  competes  with  the  other 
urgency  functions  are  called  housekeeping  side  tasks  since  they  are  performed  when- 
ever it  is  most  convenient  to  do  so.  On  the  other  hand,  tasks  that  instantly  interrupt 
on  the  basis  of  probabilistic  or  other  models  are  called  emergency  side  tasks.  All 
side  tasks  can  be  thought  of  as  falling  into  one  of  these  two  categories,  and  depending 
on  the  TASK,  one  or  the  other  may  be  more  appropriate:  navigation  and  communi- 
cation intrusions  into  a landing  TASK  may  be  best  studied  as  housekeeping  side  tasks 
in  contrast  to  emergency  side  tasks  that  represent  procedures  resulting  from  crowded 
airspace  or  equipment  failure. 

If  represents  the  greatest  of  the  main  component  task  urgencies  at  any 
given  time,  the  logic  associated  with  the  two  categories  of  side  tasks  can  be  repre- 
sented as  shown  in  Figure  193.  A fixed  minimum  side  task  dwell  time  should  be 
imposed  in  conjunction  with  these  tests.  Side  task  urgency  Ug.p  is  constant  in  both 
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Figure  193.  Attention  Allocation  Logic  for  Side  Tasks 


Emergency  Side  Task  Models 

The  emergency  side  task  interrupts  the  main  tasks  on  the  basis  of  condi- 
tions that  do  not  involve  task  urgencies,  and  any  desired  statistical  distribution  of 
side  task  events  can  be  arranged  easily.  The  simplest  of  these  is  by  use  of  a uni- 
formly distributed  random  number  sequence.  The  side  task  is  initiated  when  this 
random  number  generated  every  iteration  during  the  model  computation  is  greater 
than  some  assigned  value.  The  side  task  activity  can  then  either  be  maintained  for  a 
fixed  dwell  time,  or  terminated  by  another  probability  model  based  on  another  ran- 
dom number. 

A limited  number  of  calculations  using  the  fixed-dwell  emergency  model  were 
made  for  the  artificial  problem  of  single-axis  bank  angle  stabilization  in  turbulence. 

Comparison  showed  that  for  a given  reserve  attention  capacity,  the  task  degra- 
dation was  lower  for  the  emergency  side  task  than  for  the  constant  urgency 
housekeeping  side  task.  This  appears  to  be  opposite  to  the  result  the  reader 
may  anticipate,  but  the  high  frequency  nature  of  the  problem  appears  to  allow  error 
rates  to  build  during  the  mean  dwell  times  of  the  housekeeping  side  task  which  exceed 
the  fixed  dwell  time  of  the  emergency  side  task.  No  data  has  been  computed  for  the 
full  two-axis  TASK. 

Housekeeping  Side  Task  Models 

As  stated  above,  housekeeping  side  tasks  are  modeled  by  the  use  of  urgency 
functions  to  determine  the  initiation  of  side  task  activity.  Section  VII  B has  shown 
how  pilot  reserve  attention  capacity  can  be  evaluated  by  plotting  task  degradation 
versus  reserve  attention.  Although  this  discussion  was  restricted  to  constant  urgency 
side  tasks,  the  same  method  can  be  employed  for  housekeeping  side  tasks  that  are 
modeled  Iqr  other  urgency  functions.  A partial  classification  of  housekeeping  side 
tasks  is  given  in  Figure  194,  along  with  postulated  structures  for  the  urgency  functions. 
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TASK  INTRUSION 

HOUSEKEEPING  SIDE  TASK  MODEL 
URGENCY  FUNCTION  STRUCTURE 

1 TRACKING 

1.  COMMAND 

2.  "CRITICAL  TASK" 

U=  U {TRACKING  ERROR  AND 
ERROR  RATE) 

II  MONITORING 

1.  INSTRUMENT  SCAN 

2.  EXTERNAL  SURVEILLANCE 

U = U (TIME  SINCE  LAST 
OBSERVATION) 

III  DISCRETE-RESPONSE 

1.  SELF-INITIATED 

2.  AUDITORY  RESPONSE 

3.  MANUAL  RESPONSE 

U = U (PRESENCE  OF  STIMULUS) 

Figure  194.  Classification  of  Housekeeping  Side  Tasks 


A tracking  housekeeping  side  task  was  employed  in  the  study  of  Wanamaker  and 
Sower  that  was  discussed  in  Section  IV  E.  This  side  task  consisted  of  maintaining  con- 
trol of  unstable  dynamics.  An  ingenious  method  developed  by  H.R.  Jex,  References  19 
and  20,  employs  unstable  "critical  tasks"  in  the  following  way:  the  instability  of  the 
side  task  is  increased  to  the  point  at  which  the  pilot  cannot  maintain  control  over  both  I 

the  side  task  and  the  main  dynamics  being  evaluated.  The  side  task  instability  param-  I 

eter  at  that  point  is  the  measure  of  main  task  difficulty.  This  technique  has  been 
mainly  an  experimental  method,  but  the  Urgency  Decision  Pilot  Model  easily  predicts  ] 

the  performance  of  the  critical  task.  This  is  presented  in  Appendix  B.  J 

No  data  exists  on  the  use  of  the  urgency  approach  to  instrument  monitoring  and 
surveillance  tasks;  however,  the  use  of  urgency  functions  that  reflect  the  time  since  ’ 

last  observation  appear  to  be  possible  candidates.  If  this  is  so,  much  data  that  has 
been  obtained  experimentally  by  the  use  of  oculometers  should  lead  to  the  necessary 
calibrations  of  these  functions. 

Discrete-response  self-initiated  side  tasks  have  been  presented  in  Section  IV  F, 
where  the  electrode  tapping  task  was  not  initiated  by  a cue  to  the  pilot.  The  data 
presented  in  that  Section  indicates  that  the  assumed  model  of  constant  urgency  is 
appropriate  for  this  task,  and  by  extension  to  similar  self-initiated  tasks.  This  is  the 
basis  of  the  proposed  method  of  evaluating  pilot  reserve  attention  presented  in 
Section  VII  B.  Much  data  has  been  obtained  for  auditory  and  manual  response  initiated 
by  auditory  and  visual  stimuli.  This  data  would  also  be  suitable  for  the  validation  and 
calibration  of  the  postulated  urgency  function. 
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Since  many  non-emergency  situations  can  be  performed  with  considerable  \ 

discretion  by  the  pilot,  they  can  be  thought  of  as  self-initiated  discrete-response  ^ 

housekeeping  side  tasks.  This  is  the  reason  why  the  constant  urgency  side  task  has  ^ 

been  postulated  as  a useful  measure  of  pilot  reserve  attention  capacity.  The  possible 
relation  of  reserve  attention  capacity  to  pilot  workload  will  be  discussed  next. 

E.  INTERPRETATIONS  OF  PILOT  WORKLOAD 

Although  the  concept  of  pilot  workload  has  been  explicitly  mentioned  only  in  this 
Section,  questions  concerning  it  have  been  latent  in  many  earlier  discussion  in  this 
report.  It  is  the  objective  here  to  present  an  interpretation  of  the  workload  concept 
that  is  consistent  with  the  results  presented  above. 

Since  pilot  ratings  are  intended  to  reflect  both  performance  and  workload,  a 
comparison  of  different  pilot  rating  scales  reveals  much  about  the  role  of  workload 
in  pilot  ratings.  This  is  analyzed  in  Reference  20,  and  will  not  be  discussed  here. 

The  aspect  of  pilot  workload  to  be  discussed  is  not  comparative,  but  defini- 
tional. It  is  clear  that  reserve  attention  capacity  measured  by  using  one  side  task 
may  not  correspond  with  the  reserve  attention  capacity  measured  by  means  of  another. 

This  illustrates  that  workload  postulated  as  reserve  attention  depends  on  the  defining 
side  task. 

It  is  a contention  of  the  authors  that  this  definitional  aspect  of  pilot  workload 
should  be  made  clear  with  respect  to  all  instani  ^£j  of  the  workload  concept,  and  that 
the  failure  for  established  workload  measures  to  be  adopted  derives  from  inadequate 
workload  definitions.  In  p)articular,  workload  is  frequently  postulated  to  be,  or  be 
measured  by,  the  following  items  shown  in  Figure  195. 


1)  Cooper ' Harper  pilot  rating  "demands  on  the  pilot" 

2)  The  extent  of  assumed  pilot  lead  compensation,  "Paper  Pilot" 

3)  Pilot  gain  and  phase  margins 

4)  Aircraft  total  angular  rate 

5)  Critical  Task  "lambda"  constant,  Appendix  B 

6)  Pilot  compensation  sensitivities 

7)  Reserve  attention  capacity  measures 


Figure  195.  Interpretations  of  Pilot  Workload 


i 


197 


Available  data  indicates  that  all  of  these  approaches  to  pilot  workload  measure- 
ment have  demonstrated  success  in  particular  analyses.  For  this  reason,  each 
must  be  regarded  as  having  importance  to  certain  areas  of  flying  qualities  analysis 
and  specification.  The  difficulty  appears  to  come  about  when  attempts  are  made  to 
correlate  the  workload  measured  by  one  approach  with  workload  measured  by  another. 
For  example,  it  was  stated  earlier  that  the  pilot  reserve  attention  capacity  predicted 
from  the  attitude  stabilization  in  turbulence  data  of  References  17  and  18  did  not 
correlate  with  the  pilot  ratings  in  those  reports,  and  Appendix  A showed  that  those 
ratings  were  based  on  performance  in  terms  of  tracking  error  and  ride  qualities. 

This  correlation  of  the  turbulence  pilot  ratings  with  tracking  error  and  ride 
qualities  does  not  mean  that  the  turbulence  pilot  ratings  are  not  workload;  it  means 
that  the  workload  that  the  pilots  reported  is  measured  by  tracking  error  and  ride 
acceleration.  Similarly,  the  correlation  of  the  Neal  - Smith  pilot  ratings  presented 
in  Section  VI  with  a two-dimensional  performance  index  indicates  that  the  workload 
levels  identified  by  the  pilots  in  deciding  upon  a given  rating  is  already  inherent  in 
these  two  performance  ratings. 

On  the  basis  of  these  observations,  the  following  suggestions  for  future  applica- 
tion of  workload  measurement  are  offered: 

1)  The  Cooper  - Harper  pilot  opinion  rating  must  be  the  primary  flying 

qualities  evaluation  parameter. 

2)  Items  2)  through  7)  of  Figure  195  are  relevant  to  the  Cooper  - Harper 

rating  only  if  the  evaluation  task  tests  these  aspects  of  pilot  ratings. 

3)  When  testing  or  flying  qualities  analysis  involves  specific  workload  con- 

cepts, they  should  be  precisely  defined  in  a manner  that  is  both 

measurable  and  predictable. 

4)  Correlations  among  the  items  of  Figure  195  should  not  be  assumed 

unless  demonstrated  for  the  particular  problem. 
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F.  CORRELATION  OF  PILOT  WORKLOAD  AND  PILOT  RATINGS  WITH 

PERFORMANCE  . 

In  view  of  the  success  of  correlating  the  Neal  - Smith  pilot  rating  data  with  the  J 

two  performance  measures,  rms  tracking  error  and  time-on-target,  in  Section  VI,  the  | 

following  conjecture  is  offered  for  the  prediction  of  pilot  ratings  for  precision  flying  | 

qualities.  Also  see  Appendix  B. 

Conjecture:  I Pilot  workload  can  be  correlated  with  performance  I 

measures,  hence 

II  Pilot  ratings  for  precision  flight  TASKS  can  always  be  | 

correlated  with  regions  in  a multi-dimensional  space  I 

parameterized  by  measurable  and  predictable  performance 
measures. 

j 

i 

G.  SPECIFICATION  OF  PILOT  RESERVE  ATTENTION  ^ 

As  shown  above,  reserve  attention  capacity  is  important  for  the  pilot  during  | 

critical  tasks  where  flight  safety  is  a main  issue,  such  as  landing  and  in-flight  refuel-  ] 

ing.  The  analysis  presented  in  Section  VII  D indicates  that  a large  number  of  pilot  ' 

task  intrusions  can  be  represented  by  a constant  urgency  housekeeping  side  task.  j 

The  method  of  predicting  pilot  reserve  attention  with  respect  to  constant  urgency  | 

side  tasks  is  generally  applicable  to  any  precision  TASK,  without  modification.  With  ^ 

the  exception  of  items  4 and  6 the  method  satisfies  all  of  the  characteristics  that  j 

are  necessary  for  a MIL-F-8785B  specification  item.  In  particular:  ; 

1)  The  specification  item  would  specify  the  percent  TASK  degradation  for  a ^ 

given  reserve  attention  capacity.  ' 

2)  The  item  would  be  specifically  simulated  or  flight  tested  to  obtain  pilot  ' 

ratings  and  comments  that  reflect  pilot  reserve  attention  capacity.  1 

I 

3)  The  reserve  attention  capacity  can  be  measured  by  the  use  of  artificial 

side  tasks  as  well  as  by  use  of  actual  or  simulated  typical  task  intrusions.  I 

4)  The  prediction  method  for  pilot  reserve  attention  capacity  must  be  validated, 
using  the  methods  indicated  in  2)  and  3). 

5)  The  method  is  generally  applicable  to  all  aircraft  models  and  flight  TASKS. 

6)  Data  for  a large  number  of  current  acceptable  and  unacceptable  aircraft  ! 

must  be  obtained  and  correlated  with  data  predicted  by  the  reserve  attention 

capacity  prediction  method. 
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SECTION  VIII 

SUMMARY  AND  RECOMMENDATIONS 

The  study  documented  in  this  report  has  demonstrated  a new  and  comprehensive 
approach  to  the  prediction,  evaluation,  and  specification  of  closed  loop  multiaxis  fly- 
ing qualities.  The  methods  set  forth  allow  the  study  of  fully  general  aircraft  models  in 
the  analysis  of  continuous  and  discrete  multiaxis  piloted  maneuvers.  Many  demon- 
strations of  these  methods  have  been  presented,  and  new  areas  of  promising  research 
and  applications  have  been  suggested.  Briefly,  these  are  as  follows: 

Classification  of  Precision  Piloted  Tasks 

In  order  to  present  a comprehensive  approach  to  closed  loop  multiaxis  flying 
qualities,  it  is  necessary  to  develop  a classification  of  all  such  piloted  activities. 

This  is  accomplished  in  Section  II  where  precision  piloted  tasks  are  classified  in  terms 
of 

• TASK  - what  the  pilot  is  told  to  do, 

• CONTROL  - how  the  pilot  does  it,  and 

• EVALUATION  - the  criteria  by  which  the  results  are  judged. 

A generic  classification  of  possible  TASK,  CONTROL,  and  EVALUATION  items 
is  presented  in  Figure  2,  and  a survey  of  examples  covered  in  this  report  is  presented 
in  Figure  3. 

The  Urgency  Decision  Pilot  Model 

A comprehensive  approach  to  the  analysis  of  flying  qualities  problems  classified 
in  the  above  manner  requires  a very  general  representation  of  the  aircraft,  the 
pilot,  and  the  piloted  tasks.  This  is  achieved  by  using  the  Urgency  Decision  Pilot 
Model  developed  by  Northrop  in  1966,  Reference  10.  This  model  is  exercised  in  the 
time  domain  by  time-history  simulation,  and  pilot  attention  allocation  is  assigned  on 
the  basis  of  "urgency  functions"  which  determine  where  attention  is  needed  most.  , 
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This  time-domain  urgency  decision  pilot  - aircraft  model  presented  in  Section  III 
enjoys  the  following  features: 

• The  model  is  extremely  easy  to  program  and  append  to  existing 

simulations. 

• All  nonlinearities  and  time-varying  quantities  can  be  modeled  directly 

without  resort  to  equivalent  linear  models. 

• The  Urgency  Decision  Pilot  Model  will  assign  a specific  CONTROL 

model  for  any  combination  of  TASK  and  EVALUATION  items 

classified  in  Figure  2. 

• The  model  is  validated  for  a large  number  of  TASK  and  EVALUATION 

generic  descriptions  as  shown  in  Figure  3. 

This  report  contains  a complete  guide  that  will  allow  the  reader  to  apply  the 
model  to  a large  number  of  flying  qualities  problems. 

Prediction  of  Piloted  Aircraft  Performance 

Section  IV  presents  a number  of  validations  of  the  model  that  Northrop  reported 
over  the  last  five  years,  in  order  to  provide  a clear  picture  of  the  comprehensive  man- 
ner in  which  the  Urgency  Decision  Pilot  Model  applies  to  the  classified  precision  flight 
tasks.  These  demonstrations  include  the  following  items: 

• F-5  and  YF-17  attitude  stabilization  in  turbulence. 

• VTOL  hover. 

• Two-axis  command  tracking. 

• Two-axis  air-to-air  target  tracking  with  visual  delays  and  side  task. 

Each  of  these  studies  considered  numerous  flying  qualities  aspects,  and  complete 
flight  simulation  validation  data  is  presented. 


Comparison  of  Gaussian  and  Non-Gaussian  Turbulence  Model  Effects 

Further  applications  were  developed,  analyzed,  and  validated  using  F-5E  air- 
craft configurations  at  seven  flight  conditions.  Nonlinear  aircraft  equations  were  used 
for  these  studies.  Since  the  Urgency  Decision  Pilot  Model  accpets  all  system  non- 
linearities,  it  is  completely  su  ted  to  analyzing  both  nonlinear  aircraft  descriptions 
and  non-Gausslan  processes. 

Non-Gaussian  turbulence  models  are  coming  into  wide  use.  Section  V presents  a 
validation  of  the  model  for  the  nonlinear  F-5E  aircraft  description  for  attitude  stabili- 
zation with  the  Reeves  non-Gaussian  turbulence  model.  , 

? 


Effects  of  Control  System  Lags  on  Tracking  Performance 


Section  V also  contains  an  analysis  of  the  performance  degradation  produced  by 
hypothetical  control  system  lags  introduced  into  the  F-5E  validation  aircraft  models. 
This  study  demonstrates  the  usefulness  of  evaluating  control  system  effects  by  means 
of  the  Urgency  Decision  Pilot  Model.  Since  the  model  is  validated  for  problems  of 
this  kind,  this  method  may  be  used  for  the  design  and  evaluation  of  flight  control 
systems  and  flight  simulations. 

Specification  of  Flying  Qualities  by  Means  of  Step  Target  Tracking 

An  important  feature  of  the  Urgency  Decision  Pilot  Model  is  the  ability  to 
incorporate  time-varying  and  discrete  maneuvers.  This  is  illustrated  in  Section  VI 
where  an  analysis  of  tracking  a step  target  is  presented. 

In  tracking  a longitudinal  step  target  the  pilot  has  to  acquire  the  target  by 
initiating  a pull-up,  followed  by  precision  tracking  for  the  allowed  tracking  time.  The 
model  performs  these  two  maneuvers  by  changing  its  compensation  during  the 
five  seconds  of  allotted  tracking  time.  Tracking  error,  rms  9^,  and  time-on-target 
statistics  are  then  used  to  evaluate  the  flying  qualities  as  follows; 

• rms  e - evaluates  initial  response  and  overshoot 

characteristics 

• time-on-target  - evaluates  steadiness  on  target 

Predictions  of  these  statistics  for  42  Neal  - Smith  NT-33  aircraft  configurations 
showed  that  pilot  ratings  correlate  with  regions  of  an  rms  6^  versus  time-on-target 
plot.  This  is  shown  in  Figure  158.  Figure  178  presents  similar  data  for  the  F-5E. 

The  universal  and  unbiased  nature  of  this  method  is  discussed  in  Section  VI  F 
where  it  is  shown  that  the  boundaries  presented  in  Figure  158  are  reasonable  candi- 
dates for  inclusion  in  MIL-F-8785B.  The  following  must  be  accomplished  to  validate 
such  an  item: 

• The  method  must  be  validated  by  correlating  model  predictions 

with  current  aircraft  experience. 

• The  method  must  be  validated  by  correlating  flight  test  and  flight 

simulation  data  with  the  boundaries  suggested  by  the  Neal- 

Smith  data,  Figure  158. 

• The  method  must  be  extended  and  validated  for  lateral-directional 

step  target  tracking. 
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An  analysis  presented  at  the  end  of  Section  VII  indicates  that  flying  qualities 
boundaries  may  always  be  derived  by  correlating  multi-dimensional  performance 
measures  with  pilot  ratings. 

Prediction  and  Specification  of  Pilot  Reserve  Attention  Capacity 

In  addition  to  predicting  performance,  the  Urgency  Decision  Pilot  Model  can 
also  be  used  to  predict  the  pilot  reserve  attention  capacity  of  a pilot  for  any  given  flight 
task.  The  method  uses  a hypothetical  side  task  of  constant  attention  demand  to  deter- 
mine the  sensitivity  of  the  main  task  performance  to  attention  diversion.  This  method 
is  presented  in  Section  VII  along  with  a definition  and  classification  of  evaluation  side 
tasks  and  pilot  workload  measures.  Calculations  for  the  F-5E  configurations  used  for 
validation  are  presented.  It  is  also  shown  that  this  important  aspect  of  flying  qualities 
can  be  specified  in  a manner  that  meets  the  requirements  for  inclusion  in  military 
flying  qualities  specifications,  as  set  forth  in  Section  VI  F. 

Computer  Program  and  User  Guide 

The  methods  presented  in  this  report  are  only  useful  to  the  reader  if  they  can 
be  easily  learned  and  adapted  to  specific  problems.  To  assist  in  this,  a computer 
program  is  available  to  qualified  requesters  from  AFFDL/FGC,  Wright- Patterson 
AFB,  Ohio  45433.  A complete  user  guide  is  presented  in  Appendix  C.  There  are 
three  uses  for  the  computer  program: 

• To  serve  as  an  example  of  one  possible  implementation  of  the 

TASK-CONTROL-EVALUATION  approach  to  piloted 
aircraft  precision  task  analysis. 

• To  assist  those  who  may  wish  to  modify  the  existing  program  for 

some  particular  problem  analysis. 

• To  serve  as  a guide  for  those  who  may  wish  to  use  the  program  for 

immediate  problem  application  or  to  gain  some  experience 
in  the  analysis  methods  presented  in  this  report. 
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APPENDIX  A 


INFLUENCE  OF  MOTION  CUES  ON  PILOT  RATINGS  IN  TURBULENCE 

As  indicated  in  Section  VII  C,  the  pilot  rating  data  of  References  17  and  18  are 
natural  candidates  for  correlation  with  the  method  of  pilot  reserve  attention.  These 
ratings  were  obtained  during  an  extensive  moving-base  flight  simulation  of  F-5,  A-7, 
and  NT-33  aircraft  configurations  in  simulated  turbulence.  The  study  was  performed 
using  either  lateral-directional  or  longitudinal  tasks  independently.  The  pilots  were 
instructed  to  hold  trim  attitude  for  varying  levels  of  turbulence  using  an  instrument 
display.  Pilot  ratings  evaluated  the  sim'olator  flight  just  completed  in  terms  of  how 
difficult  the  assigned  control  task  was  to  carry  out. 

Recognizing  that  the  pilots  can  only  sense  the  attitude  and  acceleration  response 
of  the  aircraft,  the  authors  of  References  17  and  18  reasoned  that  since  the  pilot  does 
not  directly  know  the  turt)ulence  intensity,  he  cannot  estimate  the  normalized  tracking 
performance.  Thus  his  rating  does  not  reflect  performance,  but  workload:  as  the 
turbulence  levels  increase,  the  pilot  ratings  become  worse,  ranging  from  a 2 or  3 at 
low  levels  to  an  8 or  higher  at  severe  gust  intensity.  Since  these  ratings  were  intended 
to  reflect  only  pilot  workload,  and  the  data  seemed  consistent  with  this  intention,  the 
authors  of  this  report  attempted  to  correlate  the  reserve  attention  curves  for  these 
turbulence  simulation  data  with  the  reported  pilot  ratings. 

It  turned  out  that  good  correlation  is  not  possible.  In  the  first  place,  the  pilot 
workload  reflected  in  the  turbulence  pilot  ratings  is  of  a different  sort  than  attention 
loading.  This  is  discussed  in  Section  Vn  C.  Secondly,  the  pilot  ratings  obtained  in  the 
simulations  of  attitude  stabilization  in  turbulence  turn  out  to  be  performance  measures 
after  all. 

The  frequent  and  wide  use  of  the  pilot  rating  data  in  References  17  and  18  has 
sometimes  led  to  inconclusive  or  anomalous  results.  This  appears  to  be  the  result  of 
the  performance  nature  of  the  pilot  ratings.  To  help  avoid  further  difficulties  in  using 
these  data  in  the  future,  an  analysis  of  the  pilot  rating  data  will  be  given  here  to 
demonstrate  how  motion  cues  or  ride  quality  effects  can  influence  pilot  ratings. 
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First  of  all,  notice  that  there  are  no  obvious  correlations  between  pilot  ratings 
and  performance  in  the  reported  data.  Figure  196  reproduced  from  Reference  18  (Fig- 
ure 31  in  that  report)  shows  a wide  range  of  optimum  pilot  tracking  errors  for  almost 
all  of  the  pilot  ratings.  However,  examination  of  the  data  for  each  configuration  shows  a 
steadily  increasing  pilot  rating  with  turbulence  level.  By  plotting  pilot  rating  versus 
gust  level,  linear  correlations  can  be  seen,  so  that  a linear  relation  between  these 
two  quantities  can  be  postulated.  All  that  is  necessary  to  compare  these  linear  rela- 
tionships for  various  configurations  is  the  slope  of  each  line.  These  are  just  the 
average  pilot  ratings  normalized  for  a nominal  turbulence  level  of  10  ft/sec  rms. 


Figure  196.  Bank  Angle  Errors  Versus  Pilot  Rating  for  Normal  Mode  F-5 
and  A-7  Airplanes  for  all  Gust  Levels  (Reference  18) 


Consider  the  variable  stability  NT-33  data  of  Reference  17  first.  Figure  197  shows 
the  Individual  simulator  flight  data  for  the  BB  2.3  configuration  at  light,  moderate, 
and  heavy  turbulence  levels.  The  line  drawn  through  the  data  represents  the  average 
of  the  pilot  ratings  normalized  to  10  ft/sec  rms  intensity  using  the  equations  shown  in 
the  figure.  This  strong  linear  relation  is  to  be  seen  in  all  cases  and  any  reader  who 
intends  to  employ  the  pilot  rating  data  in  References  17  and  18  should  complete  the 
data  analysis  by  the  means  described  here. 
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In  this  way,  an  average  pilot  rating  PR  is  obtained  for  each  of  the  NT-33  con- 
figurations studied  in  Reference  17.  These  average  pilot  ratings,  PR,  can  then  be 
plotted  versus  the  average  normalized  tracking  errors  obtained  from  the  flight 
simulation.  This  is  shown  in  Figure  198.  It  is  clear  that  for  the  NT-33  configurations 
the  average  pilot  ratings  correlate  strongly  with  the  average  tracking  performance,  so 
that  these  pilot  ratings  reflect  performance  with  little  possibility  of  further  functional 
dependence  on  other  quantities  such  as  parameters  correlating  with  workload. 

Now  consider  the  F-5  data  reported  in  Reference  18.  Figure  199  shows  a typical 
flight  condition.  Case  1 without  augmenter.  Again,  each  F-5  configuration  is  assigned 
an  average  pilot  rating  PR  normalized  to  the  nominal  turbulence  level.  If  these  are 
plotted  versus  the  normalized  tracking  errors,  the  result  is  poor  correlation  as 
shown  in  Figure  200.  Thus  the  F-5  data  tends  to  dispute  the  correlation  of  Figure  198 
obtained  for  the  NT-33  data. 

This  conflict  can  be  resolved  as  follows.  Assume  that  the  pilots  not  only  observe 
the  tracking  errors,  but  also  take  into  account  the  lateral  accelerations  that  were  pro- 
vided with  good  fidelity  by  the  motion  system  of  the  large  amplitude  simulator.  If  the 
pilots  used  this  ride  qualities  cue  to  determine  how  much  tracking  error  per  level  of 
shaking  of  the  simulator  cab  that  they  experienced,  they  would  have  a means  of  rating 
the  aircraft  configurations  against  one  another  in  terms  of  performance.  To  test  this 
assumption,  the  average  normalized  pilot  ratings  PR  can  be  divided  by  the  lateral 
side  force  per  side  wind  velocity  stability  derivative,  Y^,  for  each  aircraft  configura- 
tion as  an  estimate  of  the  amount  of  acceleration  the  pilot  would  experience  for  a 
given  amount  of  turbulence  intensity. 

When  this  normalization  over  is  carried  out  for  the  NT-33  average  pilot  ratings 
W,  the  result  is  still  a strong  linear  correlation,  since  the  Y^  derivatives  vary  little 
among  the  NT-33  configurations  tested.  This  is  shown  in  Figure  201. 

On  the  other  hand,  the  F-5  configurations  have  a varying  Y^  associated  with 
them.  Normalizing  over  Y^  then  transforms  the  data  of  Figure  200  into  the  strong 
linear  correlation  shown  in  Figure  202,  justifying  the  above  assumption. 

The  success  in  producing  linear  correlations  of  pilot  rating  averages  with 
tracking  errors  when  the  ride  qualities  accelerations  are  taken  into  account  demon- 
strates that  the  pilot  rating  data  In  References  17  and  18  reflect  primarily  performance 
and  not  workload,  a result  consistent  with  the  hypothesis  presented  In  Section  Vn  E. 
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AVERAGE 


PR  =11  " PT^j 


^1=  lOPRj/Vg 


RMS  Vg  (FT/SEC) 


Figure  199.  F-5  Case  1 Without  Augmenter  Average  Pilot  Rating 


PR  = 1/n2 
^:=  lOPRi/Vg 


rms  (DEG) 

Figure  200.  F-5  T rbulence  Data  Showing  Poor  Correlation  of  Average 
Pilot  Rating  With  Tracking  Error 


APPENDIX  B 


PREDICTION  OF  CRITICAL  TASK  PERFORMANCE 

Section  VII  D presented  a classification  of  side  tasks  for  use  in  predicting  pilot 
reserve  attention  capacity.  This  classification  included  the  "critical  task"  method 
developed  by  H.  R.  Jex,  References  19  and  20.  This  method  has  become  a standard 
experimental  procedure,  and  the  objective  of  this  Appendix  is  to  demonstrate  that  the 
Urgency  Decision  Pilot  Model  predicts  performance  of  the  critical  task  that  is  con- 
sistent with  data  reported  by  McDonnell,  Reference  20. 

Suppose  a longitudinal  aircraft  configuration  is  to  be  evaluated  using  the  critical 
task  approach.  A flight  simulation  is  arranged  in  which  the  pilot  has  a compensatory 
display  of  pitch  angle  6.  To  evaluate  how  much  reserve  attention  capacity  is  available 
to  the  pilot,  the  display  also  includes  the  tracking  error  of  a secondary  task,  call  it 
roll  angle  <j>.  The  roll  angle  is  not  driven  by  a random  command  as  is  done  with  0 , 
but  is  the  result  of  drift  induced  by  the  unstable  dynamics  chosen  for  the  side  task. 

The  test  is  then  performed  by  increasing  the  instability  of  the  roll  task  until  the 
pilot  is  no  longer  able  to  maintain  acceptable  performance  on  the  pitch  task  while 
keeping  the  roll  task  from  diverging.  Figure  203  shows  a block  diagram  of  the  simu- 
lation task  including  the  automatic  adjustment  of  the  instability  parameter,  where  the 
side  task  dynamics  are  represented  by 

6a  (s-\) 

The  flight  simulation  then  results  in  a value  of  that  represents  the  difficulty 
or  workload  of  the  task  evaluated.  Figure  204,  re-drawn  from  Reference  20,  shows 
the  values  of  determined  by  McDonnell  for  four  types  of  plant  dynamics.  The  cor- 
relation between  and  pilot  ratings  is  clearly  shown,  and  provides  additional  support 
for  the  conjecture  presented  at  the  end  of  Section  VII. 

To  use  the  Urgency  Decision  Pilot  Model  to  predict  the  critical  task  X.  , all 
that  is  necessary  is  to  replace  the  two  human  pilot  blocks  of  Figure  203  by  opti- 
mized gain  - lead  - delay  pilot  compensation  dynamics  and  the  urgency  function  test. 
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\ (RAD/SEC) 

Figure  204.  Pilot  Rating  as  a Function  of 
Critical  Task  \ 


For  this  problem,  the  urgency  functions  are  assumed  to  be  simply  the  absolute 
values  of  the  tracking  errors  with  unity  coefficients,  ’^our  statistics,  RA  and  rms 
0g.  4).^ . were  kept  for  each  of  the  four  plants  shown  in  Figure  204.  The  automatic 
adjustment  of  X.  was  not  used  in  these  calculations;  the  value  of  \ was  varied  to  show 
sensitivity  of  the  statistics  to  side  task  loading.  These  sensitivity  graphs  are  shown 
with  the  values  of  determined  by  McDonnell  indicated.  Figure  205  shows  the  sensi- 
tivity of  pitch  angle  tracking  errors  to  side  task  X,  and  Figures  206-208  present  similar 
data  for  the  other  statistics. 

2 

In  the  case  of  K/s  and  K/s  plant  dynamics,  the  McDonnell  values  of  X occur 

c 

where  sharply  increased  sensitivity  to  X is  predicted  by  the  Urgency  Decision  Pilot 
Model.  In  the  other  cases,  there  is  no  clear  evidence  of  the  critical  value  of  \ . Since 
the  McDonnel  data  does  not  discriminate  between  the  K/s(s+2)  and  the  K/s(s+4) 
plants,  the  model  predictions  are  apparently  consistent  with  the  reported  critical 
values  of  X for  these  plants. 


rms  0 (RAD) 
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Figure  206.  Bank  Angle  Tracking  Errors  as  Functions  of  Side  Task 
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Figure  208.  Bank  Angle  Rates  as  Functions  of  Side  Task 
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APPENDIX  C 


COMPUTER  PROGRAM  USER  GUIDE 


Much  of  the  fixed-base  flight  simulation  and  pilot  model  analysis  work  discussed 
in  this  report  was  performed  using  a digital  program  written  primarily  in  FORTRAN  IV 
and  running  on  a Harris  Slash  4 computer  system.  The  program  could  be  operated  in 
a batch  mode  for  pilot  model  analysis,  or  could  be  operated  in  real-time,  accepting 
stick  input  commands  from  either  a human  pilot  or  the  pilot  model. 

This  Appendix  describes  a version  of  the  program  that  was  converted  for  batch 
operation  on  the  Control  Data  Corporation  6600  computer  and  which  is  available  to  quali- 
fied requesters  from  the  Air  Force  Flight  Dynamics  Laboratory  (FGC) , Wright- 
Patterson  AFB,  Ohio  45433.  The  purpose  of  the  program  description  is  threefold: 

1)  To  serve  as  an  example  of  one  possible  implementation  of  the  TASK- 

CONTROL-EVALUATION  approach  to  piloted  aircraft  precision  task 
analysis. 

2)  To  assist  those  who  may  wish  to  modify  the  existing  program  for  some 

particular  problem  analysis. 

3)  To  sei*ve  as  a guide  for  those  who  may  wish  to  use  the  program  for 

immediate  problem  application  or  to  gain  some  experience  in  the 
ruialysis  methods  presented  in  this  report. 

It  is  hoped  that  this  discussion  will  demonstrate  the  simple,  straightforward 
manner  in  which  the  Urgency  Decision  Pilot  Model  can  be  programmed  and  applied  to 
the  analysis  of  a variety  of  precision  piloted  tasks. 


PROGRAM  ORGANIZATION 


The  program  performs  time -domain  calculations  and  produces  time  histories  of 
aircraft  and  pilot  model  variables,  from  which  various  statistical  measures  are  com- 
puted. In  overall  structure,  the  program  follows  the  TASK-CONTROL-EVALUATION 
approach  to  flying  qualities  analysis.  A discussion  of  the  program  organization  in 
this  context  will  be  presented  next. 

TASK  The  precision  task  simulated  is  two-axis  command  tracking.  There 
are  three  options: 

1)  4*  - e compensatory  command  tracking,  with  or  without  turbulence. 

This  is  the  default  case. 

2)  - e compensatory  command  tracking,  with  or  without  turbulence. 

3)  - 6 pursuit  command  tracking,  with  or  without  turbulence. 

Attitude  stabilization  in  turbulence  is  a special  case  of  1)  or  2)  with 
the  tracking  commands  identically  zero.  Either  Dryden  Gaussian 
or  Reeves  non-Gaussian  turbulence  models  can  be  generated. 

The  coupled  six  degree-of-freedom  body  axis  equations  presented  in 
Section  V,  Figure  81,  are  used. 

CONTROL  There  are  gain-lead-lag-delay  pilot  compensation  models  for  the 
lateral  and  longitudinal  axes,  producing  aileron  and  elevator 
commands.  On  the  lateral  axis,  there  is  provision  for  both  inner 
loop  and  outer  loop  compensation.  In  addition,  an  augmenter 
produces  elevator  and  rudder  commands,  and  there  are  lags  for 
the  lateral  and  longitudinal  control  commands.  Finally,  remnant 
can  be  injected  into  the  pilot  model's  control  inputs. 

There  are  three  control  switching  options: 

1)  Two-axis  task  with  urgency  function  test  and  switching  logic. 

2)  Two-axis  task  and  constant  urgency  side  task  with  urj^ency  function 

test  and  switching  logic. 

3)  Two-axis  task  with  regular  sampling  and  specified  dwell  times  on 

each  axis;  there  is  no  urgency  function  test. 

In  all  cases,  it  is  possible  to  impose  a minimum  dwell  time  that  the 
model  must  spend  on  a task  before  being  allowed  to  switch  to 
another. 

EVALUATION  Statistics  on  dwell  fractions  and  mean  dwell  times  for  lateral, 
longitudinal,  and  side  tasks  are  always  kept  and  printed  out.  In  addition, 
statistics  on  up  to  24  other  aircraft  and  pilot  model  variables  can  be  kept; 
the  output  for  each  of  these  will  include  the  mean,  standard  deviation, 
rms,  skewness,  and  peakedness. 

Figure  209  Illustrates  the  overall  organization  and  computational  flow  of  the 
program. 
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INPUT/OUTPUT 

All  data  input  is  through  the  vector  A(I) . Pairs  of  values  (I,  A(I) ) are  entered 
in  the  format  4(I4,F12.0) . A complete  description  of  the  program  input  is  presented 
in  Figure  210;  those  values  of  I not  shown  are  not  used.  A negative  value  o:  I denotes 
the  last  (I,A(I))  pair  in  that  data  set,  and  causes  the  program  to  stop  reading  data. 

The  output  of  the  program  is  entirely  tabular,  listing  pilot  - aircraft  system 
parameters  and  statistics  on  selected  aircraft  and  pilot  model  variables.  Statistics 
on  up  to  24  variables  can  be  collected  by  inputting  the  corresponding  number  codes 
shown  in  Figure  210  in  any  of  the  locations  from  A(  101)  to  A(  124) . The  order  in 
which  the  number  codes  are  input  is  the  order  in  which  the  statistics  are  printed  out. 
Output  statistics  are  in  units  of  feet,  seconds,  and  radians. 

SUBROUTINES 

The  program  consists  of  a main  program  and  ten  sub-programs,  most  of  which 
are  multiple  entry.  A description  of  each  of  the  sub-programs  follows: 

SUBROUTINE  CLEAR  zeros  or  otherwise  initializes  program  variables.  It 
also  initializes  prefilter,  gust,  command  tracking,  lag,  and  control  augmentation 
calculations  by  calling  the  appropriate  subroutines. 

SUBROUTINE  PRECOM(A)  computes  scaling  values  before  each  run  for  u-gust, 
v-gust,  w-gust,  p-gust,  and  tracking  command  terms.  During  the  run  itself,  the 
gusts  and  tracking  commands  are  scaled  to  zero  mean  and  unit  rms;  they  are  then 
multiplied  by  the  input  gains  to  produce  rms  values  equal  to  those  gains. 

This  scaling  process  is  an  option,  controlled  by  an  input  parameter  in  the  A 
vector.  In  the  default  case,  the  filtered  random  numbers  are  just  multiplied  by  the 
input  gains  to  produce  the  gusts  and  tracking  commands. 

FUNCTION  RNUM(A,K,J)  generates  pseudo-random  numbers  having  a uniform 
distribution,  and  then  sums  and  scales  a specified  number  of  these  to  produce  random 
numbers  in  the  range  -0.  5 to  +0. 5.  Depending  on  how  many  numbers  are  summed, 
the  final  random  numbers  can  approximate  either  a uniform  or  a Gaussian  distribution. 

Individual  random  numbers  are  generated  with  the  following  algorithm: 

X = seed  from  previous  Iteration 
Y = (X+TT)® 

X = Y - Integer(Y)  = new  seed 
random  number  = X - 0. 5 


226 


X Mi 

1 Integration  frame  time  (sec) 

2 Number  of  iterations  computed  each  run 

3 Number  of  uniformly  distributed  random  numbers  summed  in  random  number  algorithm 

4 < 0 ; precompute  and  scale  gusts  and  tracking  commands  to  zero  mean  and  unit  rms 

5 = -1  : i//  - 0 compensatory  command  tracking  task 
= -2:  \l/-6  pursuit  command  tracking  task 

6 < 0 : generate  Reeves  turbulence 

9 Random  number  seed  increment 

10  Number  of  runs  computed 

12  d,  coefficient  of  prefilter 

13  <0:  prefilter  gusts 

14  <0:  prefilter  tracking  commands 

15  <0:  prefilter  remnant 

17  Pilot  gain,  lateral 

18  Pilot  gain,  longitudinal 

19  Pilot  gain,  heading 

21  Pilot  lead,  lateral  (sec) 

22  Pilot  lead,  longitudinal  (sec) 

23  Pilot  lead,  heading  (sec) 

25  Pilot  neuromuscular  lag,  lateral  (sec) 

26  Pilot  neuromuscular  lag,  longitudinal  (sec) 

27  Minimum  dwell  time  (sec) 

29  Pilot  delay,  lateral  (sec) 

30  Pilot  delay,  longitudinal  (sec) 

31  Urgency  delay,  lateral  (sec) 

32  Urgency  delay,  longitudinal  (sec) 

33  a,  lateral 

34  0,  lateral 

35  a,  longitudinal 

36  0,  longitudinal 

37  u-gust  gain 

38  v-gust  gain 

39  w-gust  gain 

40  p-gust  gain 

41  Turbulence  scale  length  (ft) 

42  Aircraft  wingspan  (ft) 

43  < 0 : generate  q-gust 

44  < 0 ; generate  r-gust 

45  (1/sec) 

46  Yp  (ft/sec) 

47  Yf  (ft/sec) 

48  Y5,  (ft/<sec2) 

49  Yfir  (ft/$ec2) 

Figure  210.  Program  Input  Format 
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Ad) 

50  Ly  ( 1 /f t-sec) 

51  Lp  (1/sec) 

52  Lr  (l/sec) 

53  Lja  (1/sec2) 

54  L5^  (l/sec^) 

55  N,,  (1/ft-sec) 

56  Np  (1/sec) 

57  Nf  (1/sec) 

58  Nsa  (1/sec2) 

59  Nsr  (1/sec2) 

60  Xy  (1/sec) 

61  (1/sec) 

62 

63  Xq  (ft/sec) 

64  Xse  (ft/sec2) 

65  Zy  (1/sec) 

66  Zw  (1/sec) 

67  Z^ 

68  Zq  (ft/sec) 

69  Z5e  (ft/sec2) 

70  Mjj  (1/ft-sec) 

71  (1/ft-sec) 

72  (1/ft) 

73  Mq  (1/sec) 

74  Mge  (1/sec2) 

75  Uq  (ft/sec) 

76  Wq  (ft/sec) 

77  1^^  (ft-lb-sec2) 

78  lyy  (ft-ll>-sec2) 

79  Ijj  (fMb-sec2) 

80  6q  (deg) 

81  Random  number  seed  for  Gaussian  u-gust 

82  Random  number  seed  for  Gaussian  v-gust 

83  Random  number  seed  for  Gaussian  w-gust 

84  Random  number  seed  for  Gaussian  p-gust 

85  Random  number  seed  for  lateral  tracking  commands 

86  Random  number  seed  for  longitudinal  tracking  commarKfs 

87  Random  number  seed  for  lateral  remnant 

88  Random  number  seed  for  longitudinal  remnant 

Figure  210,  Program  Input  Format  (Continued) 
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-L  Mi 

91  j 

92  ; Random  number  seeds  for  Reeves  u-gu$t 

93) 

941 

95  > Random  number  seeds  for  Reeves  v-gust 

95) 

971 

98  ' Random  number  seeds  for  Reeves  w-gust 

99) 

124  { which  statistics  are  to  be  kept 

1.  u (ft/sec) 

2.  V (ft/sec) 

3.  w (ft/sec) 

4.  p (rad/sec) 

5.  q (rad/sec) 

6.  r (rad/sec) 

7.  <t>  (rad) 

8.  d (rad) 

9.  1//  (rad) 

10.  a (rad) 

11.  (3  (rad) 

12.  u-gust  (ft/sec) 

13.  v-gust  (ft/sec) 

14.  w-gust  (ft/sec) 

15.  p-gust  (rad/sec) 

16.  q-gust  (rad/sec) 

17.  r-gust  (rad/sec) 

18.  lateral  tracking  commands  (rad) 

19.  longitudinal  tracking  commands  (rad) 

20.  lateral  error  (rad) 

21.  longitudinal  error  (rad) 

22.  radial  error  (rad) 

23.  5a  (rad) 

24.  6e  (rad) 

25.  5r  (rad) 


125  Lateral  tracking  command  gain 

126  a1 

127  e > coefficients  of  lateral  command  tracking  filter 

128  b) 

129  Longitudinal  tracking  command  gain 

130  a1 

131  e > coefficients  of  longitudinal  command  trackirtg  filter 

132  b) 

133  Control  system  lag,  lateral  (sec) 

134  Control  system  lag,  longitudinal  (sec) 

137  Remnant  gain,  lateral 

138  Remnant  gain,  longitudinal 

141  Lateral  dwell  time,  regular  sampling  (sec) 

Figure  210.  Program  Input  Format  (Continued) 
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142  Longitudinal  dwell  time,  regular  sampling  (sec) 

143  Side  task  urgency 

193  <0;  augmenter  on 

194  Ka| 

195  Ky)  augmenter  gains 

196  Ky) 

Figure  210.  Program  laput  Format  (Concluded) 

A separate  random  number  stream  is  generated  for  each  of  the  program  variables 
that  uses  random  numbers. 

The  function  argument  K specifies  how  many  numbers  are  to  be  summed  to 
produce  the  final  random  numbers;  J specifies  the  location  in  the  A vector  in  which 
the  current  seed  for  the  particular  stream  in  question  is  stored. 

SUBROUTINE  PREFIL(A.K)  prefilters  the  random  numbers  produced  by  RNUM 
to  remove  low  frequency  drift.  The  prefilter  transfer  function  is  of  the  form: 

g2 

(s+d)^ 

where  d is  specified  in  the  input  data  vector  A. 

The  subroutine  argument  K identifies  the  random  number  stream  being 
prefiltered: 

K = 1:  u-gust 
2:  v-gust 
3:  w-gust 
4:  p-gust 

5:  lateral  tracking  command 
6:  longitudinal  tracking  command 
7:  lateral  remnant 
8:  longitudinal  remnant 

Prefiltering  of  the  random  numbers  is  an  option,  controlled  by  input  parameters 
in  the  A vector.  In  the  default  case,  the  random  numbers  are  not  prefiltered. 

Other  entry  point:  PRE. 
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SUBROUTINE  GUST(A)  generates  Gaussian  turbulence  components  by  filtering 
white  noise.  Uncorrelated  u-,  v-,  w-,  and  p-gusts  can  be  generated,  as  well  as 
correlated  q-  and  r-gusts.  The  Dryden  continuous  turbulence  model  is  used,  as 
discussed  in  Reference  12. 

Other  entry  points;  GUSTU,  GUSTV,  GUSTU%  GUSTP,  GUSTQ,  GUSTR. 

SUBROUTINE  COMTRK(A,  L)  generates  lateral  and  longitudinal  tracking  com- 
mands by  filtering  white  noise.  The  transfer  function  of  the  command  tracking  filters 
is  of  the  form: 

as+e 

(bs+1)^ 

where  a,  e,  and  b for  each  of  the  two  filters,  lateral  and  longitudinal,  are  specified 
in  the  input  vector  A. 

The  subroutine  argument  L identifies  the  tracking  command  being  calculated: 

I,  = 1:  lateral 

2 : longitudinal 

Other  entry  point:  CTRACK. 

SUBROUTINE  LAG(A,  K)  lags  four  variables  by  amounts  specified  in  the  input 
vector  A.  The  standard  transfer  function  for  a first  order  lag  is  programmed; 

1 

TS+1 

The  subroutine  argument  K identifies  which  lag  is  to  be  computed: 

K = 1;  lateral  pilot  neuromuscular  lag 

2;  longitudinal  pilot  neuromuscular  lag 
3:  lateral  control  system  lag 
4:  longitudinal  control  system  lag 

T.ag  calculations  are  optional  and  are  not  performed  in  the  default  case,  where 
a particular  t is  zero. 

Other  entry  point:  LAGOUT. 
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SUBROUTINE  AUGMNT(A,  Q,  R)  models  the  F-5E  augmentation  system,  shown 
in  Figure  211,  and  generates  elevator  and  rudder  commands  based  on  pitch  and  yaw 
rate,  Q and  R. 

Control  augmenter  calculations  are  performed  only  if  the  corresponding 
parameter  in  the  A vector  is  set  to  the  proper  value. 

Other  entry  point:  AUG. 


PITCH 


YAW 


Figure  211.  F-5E  Stsibility  Augmentation  System 
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SUBROUTINE  REEVES(A)  generates  uncorrelated  u-,  v-,  and  w-gusts  using  a 
reduced  form  of  the  total  Reeves  model  discussed  in  Reference  13. 

Precomputing  and  scaling  of  the  gusts  to  zero  mean  and  imit  rms  is  automatic; 
it  is  not  an  option  as  it  is  with  Gaussian  turbulence.  Moreover,  there  is  no  provision 
for  prefiltering  the  random  numbers  used. 

Reeves  turbulence  is  generated  only  if  a parameter  in  the  input  vector  A is  set 
to  the  proper  value.  In  the  default  case,  Gaussian  turbulence  is  generated. 

Other  entry  points:  GUSTUR,  GUSTVR,  GUSTWR. 

SUBROUTINE  INOUT(I)  performs  all  input/output  operations  in  the  program. 
The  argument  I identifies  what  particular  read  or  write  operation  is  to  be  executed. 

VARIABLES 

A description  of  the  major  program  variables,  arranged  by  COMMON  blocks, 
is  presented  in  Figure  212, 

PROGRAM  OPERATION 

This  section  will  describe  the  operation  of  the  program  through  discussion  of 
an  example  data  set.  The  program's  sequence  of  calculations  and  major  branching  is 
shown  in  the  flow  chart  in  Figure  213. 

The  sample  data  set  is  presented  in  Figure  214.  The  TASK  being  simulated  is 
two- axis  attitude  stablization  in  Gaussian  turbulence;  this  is  the  default  case,  since 
A(5)  = A(6)  = A(125)  = A(129)  = 0 and  A(37)  - A(39)  are  non-zero.  The  aircraft  con- 
figuration used  is  F-5E  Case  2;  the  appropriate  parameters  are  specified  in 
A(45)  - A(80)  and  A(194)  - A(196). 

Random  number  seeds  for  the  calculation  of  Gaussian  u- , v- , and  w-  gusts  are 
specified  in  A(81)  - A(83).  In  addition,  random  number  seeds  for  the  calculation  of 
Reeves  u-,  v-,  and  w-  gusts  are  specified  in  A(91)  - A(99);  making  A(6)  negative 
would  cause  the  program  to  generate  Reeves  turbulence  rather  than  Gaussian. 

The  parameters  A(lOl)  - A(109)  will  cause  statistics  to  be  kept  and  printed  out 
for  U-,  V-,  and  w-gusts;  lateral,  longitudinal,  and  radial  errors;  and  aileron, 
elevator,  and  rudder  commands. 

The  data  set  will  cause  three  successive  jobs  to  be  run,  with  the  input  data  set 
updated  after  the  first  and  second  jobs. 
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COMMON/SYSCOM/ 


L 


A(l) 
DFLAT 
DFLON 
DFSIDE 
FMSTR 
FMSTP 
FMSTS 
AVGI  \ 
STD  I I 
RMSI  ( 
SKWI  / 
PKDI  I 
N1  ' 
ICOUNT 


input  data  vector  — see  Figure  210 
dwell  fraction,  lateral  task 
dwell  fraction,  longitudinal  task 
dwell  fraction,  side  task 
mean  dwell  time,  lateral  task 
mean  dwell  time,  longitudinal  task 
mean  dwell  time,  side  task 


temporary  storage  locations  for  output  statistics 


current  iteration  number 


COMMON/EOM/ 

U(I),UD(I) 

u,  il 

V(l),  VD(I) 

V,  V 

W(I),WD(I) 

w,  w 

P(l),  PD(I) 

p,  p 

Q(I),QD(I) 

q,  q 

R(l),  RD(I) 

r>  f 

PHI(I),  PHID(I) 

<t>,  4> 

TH(I),  THD(l) 

e.e 

PSIll),  PSID(I) 

1 = 1:  current  value 
2 ; first  past  value 


COMMON/RANDOM/ 


R I ( I , J ) random  numbers  from  the  generator 

RF(I,  J)  random  numbers  used  in  calculations 


1  = 1:  u-gust 
2 : v-gust 
3 : w-gust 

4 : p-gust 

5 : lateral  tracking  command 

6 : longitudinal  tracking  command 

7 : lateral  remnant 

8 : longitudinal  remnant 
J = 1 : current  value 

2 : first  past  value 

3 : second  past  value 


Figure  212.  Program  COMMON  Blocks 
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COMMON/GUSTS/ 

UGUST  u-gust 

VGUST  v-gust 

WGUST  w-gust 

PGUST  p-gust 

QGUST  q-gust 

RGUST  r-gust 


COMMON/TRACK/ 


CT(I,  J) 

I = 1 
2 

J=  1 
2 
3 

CTLAT 

CTLON 

CTLATD 

CTLOND 


tracking  commands,  unsealed 

lateral 

longitudinal 

current  value 

first  past  value 

second  past  value 

lateral  tracking  command 

longitudinal  tracking  command 

lateral  tracking  command  rate 

longitudinal  tracking  command  rate 


COMMON/STATS/ 

VAR(I)  \ 
SUMI(I)  I 
SUM2(I)  > 
SUM3(I)  I 
SUM4(I)  I 


storage  vectors  for  the  collection  of  statistical  data  on  specified  program  variables 
see  A(101)-A(124)  in  Figure  210 


COMMON/DELAYS/ 

DELAY  (I,  50)  delay  table,  fifty  locations 
1 = 1;  lateral  pilot 

2 ; longitudinal  pilot 

3 : lateral  urgency 

4 : longitudinal  urgency 


COMMON/DWELL/ 

N task  control  parameter 

= 0 : model  controlling  longitudinal  task 
= 1 : model  controlling  lateral  task 
NR  number  of  iterations  in  current  lateral  control  episode 

NP  number  of  iterations  in  current  longitudinal  control  episode 

NS  number  of  iterations  in  current  side  task  episode 

NREP  number  of  lateral  control  episodes 

NPEP  number  of  longitudinal  control  episodes 

NSEP  number  of  side  task  episodes 

NRTOT  total  number  of  iterations  on  lateral  control 

Figure  212.  Program  COMMON  Blocks  (Continued) 
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NPTOT 

NSTOT 

(SIDE 


MINDT 

MSTR 

MSTP 


total  number  of  iterations  on  longitudinal  control 
total  number  of  iterations  on  side  task 
side  task  parameter 

= 0 : model  not  in  side  task 
= 1 : model  in  side  task 
minimum  dwell  time,  iterations 

iterations  in  each  lateral  control  episode,  regular  sampling 
iterations  in  each  longitudinal  control  episode,  regular  sampling 


COMMON/LAGS/ 

DLAGd,  J) 
GLAGd,  J) 

1 = 1; 
2 : 

3 : 

4 : 
J=  1 : 

2 : 


inputs  to  lags 
outputs  from  lags 
lateral  pilot 
longitudinal  pilot 
lateral  control 
longitudinal  control 
current  value 
first  past  value 


COMMON/SCALE/ 

AV  ( I ) scale  factors  for  mean 

SDd)  scale  factors  for  standard  deviation 


1 = 1;  u-gust 
2 ; v-gust 
3 ; w-gust 
4 ; p-gust 

5 ; lateral  tracking  command 

6 ; longitudinal  tracking  command 


COMMON/STICK/ 

DA 

DE 

DR 

DEAUG 

DRAUG 


aileron  command 
elevator  command 
rudder  command 
augmenter  elevator  command 
augmenter  rudder  command 


COMMON/INIT/ 

AHd) 

SINPHI 

COSPHI 

SINTH 

COSTH 

SINPSI 

COSPSI 

SINTHO 

COSTHO 


temporary  storage  vector  for  random  number  seeds 

sin  (p 

cos  <t> 

sin  8 

cos  8 

sin  ^ 

cos  \l/ 

sin  8q 

cos^o 


Figure  212.  Program  COMMON  Blocks  (Continued) 
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'1 
'2 
'3 

one-half  of  integration  frame  time 
number  of  iterations  to  be  computed 
number  of  random  numbers  to  be  summed  in  generator 

212.  Program  COMMON  Blocks  (Concluded) 

In  the  first  job,  ten  thirty- second  flights  will  be  simulated.  The  flights  will  be 
identical  except  for  different  gust  sequences  caused  by  different  random  number  seeds. 
Since  the  pilot  model  gains  are  zero,  the  flights  will  be  open  loop. 

After  the  first  job  is  completed,  the  data  set  will  be  updated;  the  pilot  model 
optimum  gains  and  leads  will  be  read  in.  Thus,  the  second  job  will  be  identical  to  the 
first,  except  that  now  the  pilot  model  will  close  the  loop  and  minimize  the  tracking 
errors. 

After  the  second  job  is  completed,  the  data  set  will  be  updated  once  more,  and 
the  third  job  will  be  run.  The  third  job  will  be  like  the  second  except  that  now  one 
300- second  flight  will  be  simulated,  and  a constant  urgency  side  task  has  been  added. 

NOTES  AND  CAUTIONS 

For  calculations  in  the  program,  all  differential  equations  and  transfer  functions 
were  converted  to  difference  equations  using  the  trapezoidal  corrector  Integration 
formula,  discussed  in  Reference  21. 

This  particular  integration  formula  is  simple  to  implement,  and  worked  well  in 
the  simulations  discussed  in  this  report.  The  authors  used  a frame  time  of  0. 025  sec; 
for  other  simulations,  a shorter  or  longer  frame  time  may  be  appropriate. 

It  has  been  the  authors'  experience  that  for  proper  operation  of  the  numerical 
integrations  and  in  particular  the  random  number  generator,  a precision  of  at  least 
ten  decimal  digits  must  be  maintained,  lliis  presents  no  problem  for  large  word 
size  computers  such  as  the  CDC  6600.  But  when  operating  on  computers  having 
24-  or  32- bit  words,  double  precision  calculations  are  advisable. 

The  printout  statistics  mean,  standard  deviation,  rms,  etc. , apply  to  the  time 
histories  generated  by  the  program.  The  user  must  compute  means  and  standard  devi- 
aticms  of  the  rms  statistics  of  individual  nms  to  compare  with  the  tabulated  data  in  this 
report. 
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NITER 
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Read  vector  A 

Print  system  parameters 


Set  up  DO  loop  for  multiple  runs 


Zero  or  initialize  other  variables 
and  calculations  (CALL  CLEAR) 


Figure  213.  Program  Flow  Chart 
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Run  loop 
completed? 


New  data? 


Increment 
r.n.  seeds 


Figure  213.  Program  Flow  Chart  (Concluded) 
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EXAMPLE 


1 

.025 

2 

1200. 

3 

12. 

4 

-1. 

6 

0. 

9 

.204863128 

10 

10. 

17 

0. 

18 

0. 

21 

0. 

22 

0. 

27 

.3 

29 

.3 

30 

.3 

31 

.15 

32 

.15 

33 

1. 

34 

.5 

35 

4. 

36 

4. 

37 

10. 

38 

10. 

39 

10. 

41 

1750. 

77 

3600. 

78 

44200. 

79 

47000. 

81 

.123 

82 

.456 

83 

.789 

91 

. 1 

92 

.2 

93 

.3 

94 

.4 

95 

.5 

96 

.6 

97 

.7 

98 

.8 

99 

.9 

101 

12. 

102 

13. 

103 

14. 

104 

20. 

105 

21. 

106 

22. 

107 

23. 

108 

24. 

109 

25. 

133 

0. 

134 

0. 

143 

0. 

193 

-1. 

45 

- 1.76200-01 

46 

-3.80680-01 

47 

1. 59770+00 

48 

-1.11030+00 

49 

1.52500«01 

50 

-6.42230-02 

51 

-2.32880+00 

52 

1.26620+00 

53 

9.64570»00 

54 

2.58210>00 

55 

9.  88170-03 

56 

4.49580-02 

57 

-1.92850-01 

58 

1.07090-01 

59 

-1.842 70+00 

60 

-7.23750-03 

61 

2.09060-02 

62 

-7.63280-11 

63 

7.82830-06 

64 

9.21390+00 

65 

-6.75640-02 

66 

-7.11980-01 

67 

-9.24210-04 

68 

-1.48390+00 

69 

-5.32130*01 

70 

4.28820-04 

71 

-3. 72850-03 

72 

-9.4304D-05 

73 

-2.79240-01 

74 

-5.64940^00 

75 

428. 13 

76 

49.233 

80 

6.56 

194 

-.36 

195 

.19 

196 

1.4 

-200 

0. 

17 

.40 

18 

-1.4 

21 

1.3 

22 

.50 

-200 

0. 

2 

12000. 

10 

1. 

143 

.02 

-200 

0. 

Figure  214.  Sample  Data  Set 
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PROGRAM  LISTING 


««*««*  *«*«**««*«*«*««««***•**««*•*•«**««**«**«*’»«  •«««*•«*******•«>«>«*«*» 

TWO-AXIS  COMMAND  TRACKING  IN  TURBULENCE  SIMULATION  PROGRAM 
BATCH  VERSION  FOR  COC  COMPUTERS 

It  *********************************  *********************11*9 

DECK  TACT  IT 

PROGRAM  TACri T<  rNPUT.OUTPOT , TAPE  7*1 NPUT, TAPE2*OUTPUT ) 

DIMENSION  BnUN0(9) 

COMMON/SYSCOM/AI 2001 .OFLA  T.OFLCN.DF  SI DE tFMSTR ,FMSTP ,FMSTS» 

I AVGI  tSTOI  ,R.MSI  ,SKWIf  PKDI  ,N1 , (COUNT 

COMMON/FOM/UO(2l tU( 2) t V0( 21 i V( 2 1 i WO( 2 ) i W( 2 ) t PDI 2 ) « PI  2 ) f 00( 2) t0(2)> 
1 R0(2ltR(2)>PHI0(2) tPHI(2) .THO<2) ,TH(2J,PSI0(2),PSI(2) 

COMMON/RANOOM/RK  8«3I.RF(  8«3) 

COMMON/GUSTS/UGUST.VGUST.HGUST.PGUST.QGUST .RGUST 
COHMON/TRACK/CT(2f 3) fCTLAT,CTLON»CTCATD,CTLONO 
C0MM0N/STATS/VAR(25) , SUMl ( 24 ) , SUM2 1 24 ) t SUM3 1 24) t SUM4 I 241 
C0MM0N/0ELAYS/DELAY(4,50I 

COMMON/OMELL/N,NR,NPtNStNREP,NPEPtNSeP.NRTOT,NPrOT,NSTCT, 

I ISIDEtMINOT.MSTR.MSTP 

C0NN0N/LAGS/DLAG(4t 2) «GLAG(4.2) 

COMMON/SC ALE/AV(6I*SD<  6) 

COMMON/ST ICK/DA.DEt OR tOEAUGtORAUG 

C0MM0N/INlT/AH(20)tSINPHl ,C0SPHI ,SINTH,COSTH,SlNPSI  tCOSPSIt 
I S(NTH0.C0STH0«F1 l.F I2*FI3.0H.NITER.ISUM 

DATA  BOUNO/1000.*500.t500.tl0. tlO. «10. .3. t2.  »5./ 

**•**«*•«**«•«**•****** •* ************ *4*«*A**** *****«««**«**•*« «**«•**«' 

INITIALIZATION 

*********************************************************************** 

DO  10  1*1.200 
10  A(n*o. 

20  CALL  INOUTdZ) 

CALL  (NOUTdl 
CALL  INOUT(2l 

NGAM*AI I0)«.l 

IF  I A( lOl.LE.  1.)  NGAMsl 

DO  500  JGAM*1*NGAM 

CALL  CLEAR 

IF  (A(4).LT.0.I  CALL  PRECQMIA) 

IF  (AI6).LT.O.)  CALL  REEVESIAI 

««*««*«>«**«•**«*«*  «*«***  *«**«*  ****«**««*«******♦•««•***«<*«•  ••♦•A******** 

GUST  GENERATION 


190  IF  (AI6).LT.O.)  GO  TO  206 

IF  ( A(37).LT.1.E-5I  GO  TO  201 
RId.l)*RNUM(A.ISUM«8n 
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IF  ( A(  13) .GE.O. I RFC  I, ll^RI ( 1 ,1 ) 

IF  ( A(  13)  .LT.  0.  I CALL  PREUil) 

CALL  GUSTU(A) 

UGUSr=AI 37)*( UGUSI-AVI  1) ) /SOI  1) 

201  IF  I Al 38).LT.1.E-St  CO  TO  203 
RII  2.  n^RNUMI  A,  ISUN.82) 

IF  I A( 13).GF.O.)  RF(2tl)»RII2.1l 
IF  ( A(  13).LT.O.)  CALL  PRE(A,2) 

CALL  GUSTV(A) 

VGUST^AI 38)*( VGUST-AVI 2) ) /SOI  2) 

IF  I AI44) .LT.O.)  CALL  SUSTRIAI 
203  IF  I AI 39).Lr. l.E-5)  CO  TO  205 
P II  3.  n^RNUNI  A,  ISUM,e3) 

IF  I AI  13).GE.O. ) RFI3f l)>RII3il) 

IF  I AI 13) .LT.O. ) CALL  PREIA,3) 

CALL  GUSTWIAI 

WGOST=AI 39)*I WGUST-AVI 3))/SOI3) 

IF  I AI43).LT.0.I  CALL  GUSTQIA) 

205  IF  I AI40).LT.-l.E-5)  GO  TO  210 
RI14.1)=RNUMIA.ISUH,84t 

IF  I AI 13) .GE.O.)  RF14.1)  = RII4,1) 

IF  I AI 13) .LT.O. ) CALL  PR6IA.4) 

CALL  GUSTPIA) 

PGUST  = AI 40)*I PGUST-AVI 4) ) /SO  I 4) 

GO  TO  210 

206  IF  1 AI 37). GT. l.E-5)  CALL  GUSTURIA) 

IF  I AI38).GT.l.E-5)  CALL  GUSTVRIA) 

IF  1 AI 39). GT. l.E-5)  CALL  GUSTWRIA) 

C*******«**4***********4«4P*****A*44444*44********«'**«4****P***Pt>*««*P«« 

C CONTROL  LAGS  ANO  AUGMENTERS 

C*«**4i  **«««**«****««***#«*«*  ***««4i***»4>*«**  **«»*««***«  •*«**»••  «**•••••«« 

210  IF  I AI 133).LT.  l.E-51  GO  TO  211 
OLAGI 3.1 )=0A 

CALL  LAG0UTIA.3) 

OA=GLAGI  3.1) 

211  IF  1AI134).LT. l.E-5)  GO  TO  212 
0LAGI4.1 )«0E 

CALL  LAG0UTIA,4) 

OE^GLAGI  4.1) 

212  IF  I AI 193). GE.O.)  GO  TO  214 
CALL  AUGIA.O.R) 

OE*OE»OEAUG 

OR^ORAUG 

••**«*•**•*•««****•*«**** *4 «**«******«*•*••*** «*«4********P*«4*4>*P****« 

INTEGRATION  OF  EQUATIONS  OF  MOTION 


214  UOI l)«32.I74*ISINTH0*< l.-COSTH*COSPSI )-COSTHO*SINTH) 

1 -0(l)*IAI76l4Wll))4R<l)*Vtl) 

2 «^AI60l*f  U1  l)*UGUST)4AI61l*INf  1)*^WGUST)»AI62)4>W0I1) 

3 »AI63)*I0I 1I»QGUST)4A( 64>*0E 
Ul  1)«UI2)4'0H*IU0I  1I4U0I  2)  I 

WOl  1)-32.174«<C0STH0«IC0STH«C0S PHI-1.) 

1 -SINTHO*! SI NTH*COSPHI *COSPSI 4SINPHIPS1NPS1 ) I 

2 4-0ll)*IAI75l»Ull))-Pll)*VIl) 
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) ♦A(65)*(U(  lUUCUSTI^Ai  66»  *IM(  l)«^WGUSri 

A ♦A(68)«(0(  l}»QGUSrUA(69l  ^DE 

W0(l)«W0( l)/( l.-A(67tl 
M(tl>=W(2»>0H*f  W0(  U«W0<2)  ) 

OOt  1|-FI2«P(  1I«R(  l)tA(70)*tU(l)»UGUSTUA(71l*(W(ll«-HGUST) 

1 ♦AC  72l*WOC  U^AC73»*CQ(  U^QGUSfl^A(7AI*DE 

OC  U>0(2M0H*l00f  I >♦00 1 2)  ) 

RDIl)«FI3*PC  1I*0C  D^AI  55)  *(  V < I » ♦ VGUST  l+AC  561  •C  PC  DfPGUST) 

1 ♦AC57IPIRC 1)^RGUST)^AC  58) *0A^ AC  59) «0R 

RC  n=RC2I^OH*IROC  1)>R0(2)  ) 

VOC  l)«=32.l7A*ICOSTHO*COSTH*SINPHI 

1 -SINTHOPC SINTH^SI 

2 -R(ll*CAC75)^UI l))»P(l)*C 

3 ♦AC45I*CVC  D^VGUSTI^AC  A6) 

A ♦ACA8)*0AaAI49)«0R 

VI  l)xVC2)^OH«IVOI 1)aV0C2) I 
POC  I I<FI1«0C  1 IPRI  ll^Af  50)*(  VCD 
1 ♦AC 52t«CRC 1 )^RCUST)aAI 53) 

PC 1)<PC2)^0H«CP0C 1 )«POC  2)  ) 

THOC 1)>0C 1 )*CGSPH1-RI1)*SINPHI 
THC I )»rHC  2)^0H*ITHDI 1)^TH0I2) ) 

SINTH^SINCTHI  1)) 

C0S7H*C0SCTHC  D) 

PHIOC  l)=PC  D^IQC  DOSINPHI  ♦RC  1)*C0SPHI  ) *SINTH/COSTH 
PHI C 1I^PHIC2)^0H*CPHI0C  1)^PHI0C2)) 

SINPHI^SINCPHIC  1)  ) 

COSPHI*COSCPHIC  1)  ) 

PSIOC  I )-CRC  DPCOSPHI^QC  I ) ^SI  NPH I ) /COSTH 
PS  1 1 l)^PSII2)A0H*tPS10C l)^PSiOI2)) 

SINPSI^SINIPSIC  1) ) 

COSPS  I»C0SCPS1<  1) ) 

ALPHA«ArAN2CWl  D^AI  76)«U(  D^AC  751) 

8cTA=ATAN2C VC  1) . UC 1 ) ♦Al 75 ) ) 

FLl=COSPSI*COSrH 

FL2=SINPSI*C0SrH 

FL3*-SINTH 

FMl«COSPSI*SINTH*SINPHI-SINPSI*COSPHI 

FM2=SINPSI*SINTH*SINPHI+CCSPSI*C0SPHI 

FM3=C0STH*SINPHI 

FN1=C0SPSI*SINTH*C0SPHI^SINPSI*SINPHI 

FN?*SINPSI*S1NTH*C0SPHI-CCSPSI*SINPHI 

FN3=C0STH*C0SPHI 

VX«FL l*UC l)^FMl*VC 1)AFN1*UC1) 

VY=FL2*UC  l)^FM2*VC  l)^FN2*ViCl) 

V2=FL3*UC l)^FM3*VC l)^FN3*WCl) 

• **«««**«***4i  A* «•*•««*•*«**«*******♦«**«• «********APP*PP**P 

TESr  FOR  DIVERGENCE 


VARC  1)>UC 1) 
VARC2)=VC 1) 


NPHI •COSPSI-COSPHIPSINPSI  II 
A(76)^MCl) ) 

«CPC 1) ♦PGUST)^AIA7)*IRI1)aR0JSTI 


♦ VGUSri^AI  51) «(P(  ll^PGUSri 

♦ DAaAC  5A)*0R 
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VAR( 3)=W( 1) 

VAR« A)=P( 1) 

VAR( 5)=Q( 1 ) 

VAR(6)^R( 1) 

VAR(  7I^PHH  U 
VAR(8)=TH( n 
VAR<9l=PSn  I) 

C 

DO  216  I=lt9 

1F(AUS(VAR( I)  ).LT.BOUND(I )JGO  TO  216 
CALL  lNbUT<3l 
NITER=  tCOUNT 
GO  TO  325 

216  CONTINUE 

Q^t**************************************************^******^*^********* 

C CCHMANO  TRACKING  SIGNAL  GENERATION 

Q0*00^t***********************************************»**t>****^ti**t***** 

218  IF  I A(  125) .LT.l.E-51  GO  TO  217 
RI( 5. 1)=RNUM( A.1SUN»85) 

IF  ( AI lA) .GE.O. ) RFI 5.1I-RI( 5.1 ) 

IF  ( Al 14) .LT.O. ) CALL  PRE(A,5I 
CALL  CTRACKIA.l) 

CTLAT  = A( 125)*(CT< 1,1I-AV<  5)) /SD(5) 

CTLATO=(AI  l25)/SO(5l)*(CTIl.II-CT(l«2n/A(  1) 

217  IF  ( A(  129).Lr.  l.E-5)  CO  TO  220 
RI (6, 1)=RNUM( A. ISUN,86) 

IF  ( Al 14) .GE.O. ) RF46« l)>RII6tl) 

IF  ( Al lAl.LT.O. ) CALL  PREIA.6) 

CALL  CTRACKIA.2) 

CTLON=AI 129)*ICTI2.1)-AVt  6)) /SO  I 6) 

CTLOND=l Al 129) /SOI  61 ) «( CTI 2. 1 ) -C Tl 2 . 2 ) ) /Al 1 ) 

C *****  4**4 *****4*** **«4*«* *0 44* 4*4 **4*44****A*** **44** ******** ****«****« 

C ERROR  SIGNAL  GENERATION 

C4i*«***«*««******4i******«4i******4t***4i******«i**4i*«**«i*4i*4i**«*#»«***  •**««« 

220  PHIE=CTLAT-PHII 1) 

PSIE  = CTLAT-PSI1  1) 

THE=CTLON-THI I ) 

PHIE[)=CTLATI>-PHIDI  1) 

PSIEO^CTLATD-PSIOI 1) 

THED=CTLOND-THOI 1) 

ITR=AI  5)-.  1 

IF  I ITR.LT.O)  GO  TO  213 

ERLAT*PHIE 

ERLATD^PHItO 

ERLON=THE 

ERLONO=THEO 

GO  TO  219 

213  IF  IITR.E0.-2)  GO  TO  215 
ERLAT*PSIE 
ERLATO>PSIEO 
ERLON=THE 
FRLONO-THED 
GO  TO  219 

215  FRLAT=PSIE*C0SPHI-THE*SINPH1 


QUjaii** 
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fRLATO^«PSieO-PHIO(  I l*THE  »*COSPHI- 
1 (THE0>PHI0( l)*PSIE)*SINPHI 

ERLON=PSIE*SlNPHI«-TH£*COSPHl 
ERLOND=(PSIE[)-PHIOI  1 1 ♦THE  l^SINPHU 
I (THEO<-PHID(  l)*PSIE  XCOSPHI 

C •*«**«**«****♦♦*««♦«>****♦♦««♦♦♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦*♦♦♦♦♦♦♦♦♦ ♦♦♦♦♦♦ 

C URGENCY  FUNCTION  AND  PILOT  COMPENSATION  CALCULATIONS 

♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦«♦♦♦♦♦♦♦♦♦**♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 

219  DEL  AY«  l,ll=A(  17M(ERLAT*A(21)*EPLATOI 

IF  IITR.LT.OI  DELAY! 1,1I*A«19)*(ERLAT»A(23I^ERLAT0I> 

I A(lTJ^(PHf (1)»A(21)^PHID(1II 

DELAY!  2.  H*AI  1 8)  ♦!  ERLON^ A ! 22 1 ♦ERLONO  ) 

IF  ! ERLAT.EO.O.I  DELAY  I 3, 1 l=ABS! A! 3^) ♦ERLATO) 

IF  ( ERLAT.NE.O.)  DEL AY ! 3. 1 )= AS S! A ! 3 3» ♦ABS ! ERL AT ) ♦ 

I A( 3A) ♦ERLAT^EKLATD/ABSIERLAT) t 

IF  lERLON.EQ.O.  » DELAY!  A'.  1)=ABS!  A!  36)  ♦ERLONDI 
IF  ! ERLON.NE.O. ) DEL  AY ! A , 1)  = AB S! A! 35 ) ♦ABSI ERLON) ♦ 

1 A! 36) ♦ERLONYERLOND/ABSIERLON) ) 

C 

UDL AT=0£L AY! 3, 1 ) 

IF  ! A( 3l).LT.l.E-5l  GO  TO  2AO 
FIA=A( 31)/All)*0.l-1. 

IA=1  ♦ INTIFIA) 

FRAC=FIA  - FLOAT! IA-I)-0.l 
IF! IA.LE.A9)G0  TO  235 
CALL  IN0UT!4) 

GO  TO  343 

235  UOLAT=OELAY!3,IA)+FRAC*IDELAY!3 , I A^ 1 ) -DEL AY!  3 . 1 A ) ) 

240  U0L0N=0ELAYI4.1) 

IF  ! A!32).LT.l.E-5)  GO  TO  246 
F IA=A! 32)/A! 1 )*0.l-l. 

IA=l  ♦ INT!FIA) 

FRAC*FIA  - FLOAT! IA-l)-0.1 
IF! IA.LE.49)G0  TO  245 
CALL  IN0UT!5) 

GO  TO  343 

245  U0L0N=0ELAY!4.I A)»FRAC*!0ELAY!4.IA*l)-0ELAY!4,I  A) ) 

C «««**« ♦«♦♦*♦♦♦♦♦♦♦***♦♦♦♦♦♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦*♦♦♦*♦♦***♦*♦*♦♦♦ **♦♦♦♦ 

C CONTROL  SWITCHING 

C ««***'» ***♦**•  *«♦*♦♦**♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦^ ♦♦♦♦♦♦ 

246  IF  !MSTP.EO.O.ANO.NSTP.EO.O)  GO  TO  249 
IF  IN.EO. II  GO  TO  247 

IF  !NP.LT.MSTP)  GO  TO  320 
GO  TO  285 

247  IF  !NR.LT.HSTR)  CO  TO  320 
GO  TO  250 

249  IF  ! ISrOE.EO. 1. ANO.NS.lt. MINOT)  GO  TO  316 

IF  ! ISIOE.EQ.O. AND.NP.lt. MINOT. AND. NR. LT.MINOT)  GO  TO  320 
IF  I UDLAT  .LT.A!  143) .ANO.UOLON.LT.A! 143) ) GO  TO  316 
IF  lUOLAT.EO.UOLONI  CO  TO  320 
IF  ! UDLAT. GT.UDLON)  GO  TO  285 
GO  TO  250 

C 

320  NR>NR  ♦ N 
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non 


NP=NP  - N «■  I 
(F(N.EO.  DGQ  TO  291 
1F(N.E0.0)G0  TO  256 
CALL  IN0UT«8l 
STOP 

C«***«'4'****«******4>4'***************»******«**4'*«*4'«*««**4>******«>**4>***«« 

C LONGITUDINAL  STICK  CALCULATIONS 

C**  *********************************************  ****************^1*^***** 

250  IF  (ISIOE.EO.n  GO  TO  253 
IFINR.EO.OIGO  TO  255 
NRTOT^NRTOT  ♦ NR 
NREP=NREP*1 

on  251  1=1.2 
OLAGI  1. I ) = 0. 

251  GLAG(1.II=0. 

GO  TO  255 

253  NSTCT=NSTOT+NS 
NSEP=NSEP*1 

255  N=0 
NP=NP*1 
NR=0 
NS=0 
ISI0E=0 

256  PCL0N=0ELAYI2,1) 

IF  ( A( 30) .LT. l.E-5)  GO  TO  265 
FIA=A(30)/A<  1)4^0. 1-1. 

IA*1  ♦ INTIFIAI 

FRAC=FIA  - FLOAT! IA-1)-0.1 

IF! I A.LE.A9IG0  TO  260 

CALL  IN0UTI6J 

GO  TO  363 

260  PCL0N=0ELAY(2.I  A)«^FRAC«(0ELAY(2.IA>1)-0ELAY(2.I  All 
265  DLAGI 2,1 )=PCLON 
DA  =0. 

IF  ( A(26).GT.1.E-5I  CALL  LAG0UT(A,2I 
IF  IA(26).LE. l.E-5)  GLAGI 2. 1 )=OLAG( 2 . 1 ) 

OE  =GLAC<2,  1) 

IF  ( A< 138).LT.1.E-5I  GO  TO  325 
RI<8. 1I=RNUM(A.ISUN.88) 

IF  ( Al 15).GE.0.)  RF(8,1)«RII8,1) 

IF  ( A(15).LT.0.)  CALL  PRE!A,8) 

OE  =0E  «^A(  138)*RF(8,  1) 

GO  TO  325 


LATERAL  STICK  CALCULATIONS 

*********************************************************************** 

285  IF  IISIOE.EQ.I)  GO  TO  288 
IFINP.EO.OIGO  TO  290 
NPTOT*NPTOT  ♦ NP 
NPEP*NPEP*1 

00  286  1-1,2 
0LAGI2.I )-0. 

286  GLAG<2.I)«0. 

GO  TO  290 
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?88  NSTOT=f^STOT*NS 
NSFP=NSEP-*-l 

290  N=l 
NR^NR  ♦ I 
NP=0 
NS=0 
1SI0E*0 

291  PCLAT=0ELAVI 1,1) 

IF  (A(29).1.T.1.E-51  GO  fO  300 
FIA=A(29)/AI  11*^0. l-I. 

IA=l  ♦ INT(FIA) 

FRAC=FIA  - FLOAT! IA-1)-0.1 
IF! IA.LE.A9)G0  TO  295 
CALL  INCUT! 7) 

GO  TO  3<>3 

29  5 PCLAT^OELAY!  1 , I A)  «^FRAC*  !OELAY!  1 , lA^l  )-OELAY!  1 ,1  A)  ) 

300  OLAG!  l.n-PCLAT 
DE  =0. 

IF  ! A!25).GT.1.E-5I  CALL  LAG0UT!A,1) 

IF  ! A!25).LE. l.E-5)  CL AG!  1 >1 1 »OLAG! 1 . 1) 

OA  =GLAG!  1,11 

IF  1 A! 137)-LT.1.E-5I  GO  TO  325 
RI!7.  1)=:RNUHI  A,ISUH,87) 

IF  ! A! 15) .GE.O. ) RF( 7, 1)»R1( 7*1 1 
IF  I A!15).LT.O.)  CALL  PRE(A,7I 
OA  =0A  137)*RF!7,t) 

GO  TO  325 

C* ****************************************************  ****************** 

C SIDE  TASK  CALCULATIONS 

Q***^t ********************************************************  ********** 

316  IF  !ISI0E.E0.1)  GO  TO  318 
DO  317  1=1,2 

00  317  J=l,2 
0LAGII,J)*0. 

317  GLAG!I.J)-0. 

NRTOT=NRTOT*NR 

NPrOT=NPTOT-»NP 

NREP=NREP+N 

NPEP=NPEP-N^1 

318  1SI0E=1 
NS=NS*1 
NR=0 
NP=0 
0A=0. 

0E=0. 

C****t ****************************************************************** 

C COLLECTION  OF  STATISTICS 

C6P**«  «*««****«*«***»«»**«********4i**«***«i****««*«i***«i*4i*****64i**« «»**«* 

325  VAR!  10)  = ALPHA 
VAR!ll)=BETA 
VAR! 12)=UGUST 
VAR! 13)=V6UST 
VAR! 1A)=WGUST 
VAR! 15)=PGUST 
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fNSI  MM  If  BIST  QUALITY  FRACn,CAB;]U 
WMl  OOM  yUBMlSHED  TO  non 


VAR(  16I=0GUST 
VAR< 17)=RGUST 
VARt 18»=CTLAT 
VARC 19>=CTL0N 
VAR<20)*ERlAr 
VARC  21  l=ERLON 

VARC  22 )»  SORT!  (A<  33)  *ERLAn«*2*<  AOS)  *ERLaN)  **2t 
VARC  23)  = DA 
VARC  2A)>OE 
VARC25)=0R 
C 

ICOUNT=ICOUNT  ♦ I 
CCUNT=  FLOAT! ICOUNT) 

C 

DO  326  1=1, 2A 
Nl=AC 100*1 )♦. I 
IF  CNl.EO.O)  GO  TO  326 
SUMl C I )=SUMI( 1)*VARI Nil 
SUM2C I )=SUM2C 1)*VARCN1)**2 
SUM3C I )=SUM3< I )*VARCNl)**3 
SUM4( I )=SUMAC I )*VAR(N1)**A 
326  CONTINUE 

IFCNITER.LE.ICOUNT)GO  TO  336 

*«««**«*«>«»«•««••«•••* *••«••*•**«««•*«•*«*««**«« «*******«*»****«** 

C TABLE  SHIFTING 

C *•**«*«**  A***  ****4>*****6********«*«*********4'****4'*****»********«  *♦«*** 

U0C2)=UD( 1) 

U<2)-U(l) 

V0C2)=V0( 1) 

VC2)«VC 1) 

W0(2)=W0I 1) 

WI2)=WC 1) 

P0C2)=P0( 1) 

PI2)=P<1) 

OOC  2)  = 00( 1) 

0<2)«0( 1 1 

R0(2)=R0< 1) 

RI2)=R(1) 

PHI0I2)=PHI0I 1) 

PHIC  2)«PHIC  1) 

TH0(2l-rH0Cl) 

THC2)*THC 1) 

PSI0C2)«PS10< 1) 

PSI(2)=PSIC 1) 

C 

00  336  K-1,6 
00  336  1=1*69 
J-Sl  - I 

336  OELAVCK, J)-0ELAY(K,J-1) 

00  337  I-1.6 

DLAGI I,2)«0LAGC 1,1) 

337  GLAC(I,2)-GLAG(  1,1) 

00  338  l«l,8 
RI(I,3)>RItl,2) 

THIS  PAGE  IS  BEST  QUAIilTY  PRACTICAPlJ 
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Rl(1.2)>RIIl.n 
U3)sRFI  I,2t 

338  RF«  1 .2I-RF( I. 1) 

00  339  1*1,2 
CT( I .3l=CT« 1.2) 

339  CTII,2)*CT1I,1) 

C 

GO  TO  190 

C***** ****************************************************************** 

C CALCULATION  OF  OUTPUT  QUANTITIES 

C ««**«**<*«***«*****•»«**«»*«*********«  A********!************************* 

33A  OFLAT=  FLOATI NR+NR TOT  I /COUNT 
OFLON=  FL0AT(NP*NPT0T| /COUNT 
0FS10E*FL0AT(NS*NST0TI /COUNT 

IF  (NPEP.NE.O)  FMSTP-AIl) *FLOATINPTOT)/FLOAT(NPEP) 

IF  (NREP.NE.O)  FHSTR«A( 1) *FLOAT(NRTQT) /FLOAT(NREP) 

IF  INSEP.NE.O)  FMSTS*A( 1) ♦FLOATINSTOTT/FLOATINSEP) 

CALL  IN0UT(9I 
C 

JTITLE=0 
00  3A1  1*1, 2A 
N1*A(  lOO^I  U.  1 
IF  (Nl.EO.O)  GO  TO  341 
AVGl *0, 

RNSI*0. 

STOI=0. 

SKWI=0. 

PKDI=0. 

AVGI*SUMl(n/COUNT 
RMSI*SORTI SUM2( I l/COUNT) 

STO I* SOR T I SUM 21 1 ) /COUNT-A  VCI **2 ) 

IF  ISTOI.EO.O.)  GO  TO  342 

SKWI*ISUM3I  l)-3.*AVCI*SUN2Ii  1«^2.*SUM1<II«AVGI**2)/ 

1 (C0UNT*ST01**3» 

PK0I*(SUM4(  I )>4.«AVC(*SUM3(I  >4-6.  *SUM2  ( It  *AVGI  **2- 
1 3.*SUMll I l•AVGI•*3l/^COUNT♦STOI♦*4) 

342  IF  IJTITLE.NE.O)  GO  TO  340 
JTITLE=1 

CALL  INGUT(IO) 

340  CONTINUE 

CALL  INOUTIll) 

341  CONTINUE 
CALL  IN0UTI2I 

C 

343  00  345  1*1,20 

345  Aie04ll*AH( I )«AI9) 

C 

500  CONTINUE 

CALL  IN0UT<2) 

GO  TO  20 
ENO 

40ECK  CLEAR 

SUBROUTINE  CLEAR 
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COMMON/SYSCOM/A( 200) tOFLAT.OFLON  .OF  SIDE .F  NSTR .FHSTP.FNSTS . 

1 AVCl.STOI.ItFSI  .SKWI.PKOl.Nl.ICOUNT 

C0MM0N/E0H/U0(2)«U(2)«V0(  2).  VI  2)  .WOU)  .Wl  2 ) .PO ( 2 ) .PI  2 1 .QOf  2 )«  Ql 2 ) . 

1 ROI2J«RI2)«PHIOI2I.PHI(2) .TH0<2) .TH(2) »PS10I2)«PS1I2I 

COMMON /R AN OOM/R II  8. 3)tRF( 8.3) 

COMMON /GUSTS/UGUST.  VGUSr,  ViGUST.PGUST  .QGUST  .RGUST 
C0MM0N/TRACK/CTI2.3I tCTLAT.CTLON.CTLATO.CTLOND 
C0MM0N/SrATS/VARI25).SUNll24).!iUM2l2A)  .SUM3I24)  .SUM4I24) 

COMMON/OELAVS/OELAYI  4.50) 

COMMON/OWELL/N.NRtNP.NS.NREP.NPEPtNSEP.NRIUT.NPTOT.NSTOT . 

1 ISIDE.MINOT.MSTR.MSTP 

C0MM0N/LAGS/0LAGI4.2).GLAG14»2) 

COMMON/SC ALE/AVt  6) . SOI  6) 

COMMON/STICK/OA.OE.OR.OEAUG.ORAUG 

C0MM0N/INIT/AHI20).SINPHI .COSPHI .SI  NTH .COSTH , SI NPSI .COSPSI. 

1 SINTHO.COSTHO.FI  l.F12»FI3.0H>NITER.ISliM 

OA^O. 

0E»0. 

0R=0. 

0EAUG=0. 

0RAUG*0. 

FMSTP  = 0. 

FMSTR  » 0. 

FMSTS  » 0. 

N*0 

IF  ( A(35).LT.l.E-5.ANO.AI36).LT«l.E-S)  N«1 

IF  ( Al 1411. LT.O.)  N«1 

NR*0 

NP*0 

NS=0 

NPEP*0 

NREP»0 

NSEP*0 

NRT0T*0 

NPTQT=0 

NST0T»0 

ISI0E»0 

ICOUNT»0 

00  1 1=1.4 

00  1 J=1.50 

1 OELAYI I. Jl«0. 

00  2 1=1.25 

2 VARII)=0. 

00  3 1=1.2 

UOII )=0. 

U( I )«0. 

vni  1 1-0. 

VI  I ) = 0. 

WOl  1 ) = 0. 

Wl I 1*0. 

P0( I 1 = 0. 

PI  n«o. 

THIS  PAW  IS  BBS*  QUALlTt  PWOlOMtiB 
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00( 1 )*0. 

0(1I«0. 

00(11*0. 

R(n*o. 

PHlOt I)«0. 

PHK  [l«0. 

TH0( 1)«0. 

TH(  I )»0. 

PSI0(II*0. 

3 PSI(1)>0. 

00  4 1*1.24 
SUNK  I )«0. 

SUH2( 1 1*0. 

SUH3( I)«0. 

4 SUM4(I)*0. 

00  5 1*1,6 
AV( I )*0. 

5 S0(n*l. 

00  6 1*1.20 

6 AH(n*A(S04-I) 
MIN0T«A(27I/A( 1)4.1 
MSTP*A(142)/A(1)4.1 
MSIR*ABS(A(141))/A( 1)4.1 
NITER*A(2)4.l 

0H*A( l)/2. 

1SUM*A(3)4.1 

SINPHI-0. 

COSPHI*!. 


SINTH*0. 

C0STH=l. 

S1NPS1*0. 

COSPSI*!. 

SINTHO«SIN(A( 80)/57.29577S513) 
C0STH0*C0S(A<80)/57.29S779513) 
FI1*(A(78I-A(79)I^A(77) 

FI2*(A(79)-AC77))/AI78) 

FI3*(A(77)-A(78))/A(79) 

CALL  PREFILIA.O) 

CALL  GUST(A) 

CALL  COMTRKIA.OI 
CALL  LAGIA.O) 

IF  ( At 193).LT.O.)  CALL  AUGNNTl A.Q.Rl 

RETURN 

ENO 

40ECK  PRECOM 

C****«****«*******«****«*«**«**4*******«»4«*****4***** 

SUBROUTINE  PRECONI  A) 

C4««****«*44>***«i«***4*44***44*44*******444*****«*4**4* 

OIMENSION  A(200),ASAVE(20) 
COMMON/RANOON/RII8.3),RF(8.3) 

COMMON /GUST S/UGUST.VGUST. MUST, PGUST.QGUST.RGUST 
C0MN0N/TRACK/CT(2f3),CTLATfCTL0N,CTLATD,CTL0N0 
COMMON/SC ALE/ AVI  6) *S0( A) 

C 
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ISUH«A(3)>.1 

f NtrERsA(2)«^.l 

00  5 I>lt20 
5 ASAVEI  II>AI80«-I) 

k IF  (A(6i,LT.O.)  GO  TO  22 

' DO  20  1*1, A 

IF  ( A(364^I).LT.1.E*5)  GO  TO  20 
SUM1*0, 

SUM2*0. 

IGAM*30*^1 
on  18  J*l, NITER 
RI(I*1)*RNUM|A.1SUN*1GAH) 

IF  ( A(  13)  .GE.O.I  RF(  I,l)«itl(l,l) 

IF  ( A( 13).LT.O.)  CALL  PREIA,I) 

GO  TO  (11, 12, 13, lA),  I 

11  CALL  GUSTU(A) 

G=UGUST 
GO  TO  15 

12  CALL  GUSTVIAI 
G*VGUST 
GO  TO  15 

13  CALL  GUSrw(A) 

G*WGUST 
GO  TO  15 

lA  CALL  GUSTP(A) 

G«PGUST 

15  SUN1*SUM14-G 

SUM2*SUM2>G«G 
00  18  II«1,B 
RI( II, 3)«RI( 11,2) 

RI( II,2)*RI(I1,1) 

RF( II,3)«RFI 11,2) 

18  RF( II,2)*RF( fl.l) 

AV( I )-SUNl/FLOAT(NITER) 

SD(  I )»S0RT(SUH2/FL0ATINITER)'‘AV(I  )**2I 
20  CONTINUE 

22  00  30  1-1,2 

IF  ( A( 121*A*I ).LT.l.E-S)  CO  TO  30 
SUMl-0. 

SUM2-0. 

J*I^A 
IGAH«80>J 
00  25  K*l, NITER 
RI(J,1)-RNUM(A,1SUM,1GAM) 

IF  (A( 14). GE.O.I  RF(J,l)>RI( J.l) 

IF  (A(14).LT.0.)  CALL  PREIA,J) 

CALL  CTRACKIA,!) 

SUMl-SUMl^CTI  1,1) 

SUM2>SUM2*Cr( 1, 1)«P2 
00  24  II«l,8 
RII II, 3I«R1(I1,2I 
RI( II,2)«RI(I1,1) 

RF(II,3)«RF<1I,2) 

24  RF(I1,2)«RFIII,1) 
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DO  25  11=1.2  , . . 

CT(  II.3I  = CTI II,2i 
25  CT( II,2)=Cr( Iltll 

AVC J)= SUM  l/FLOAT< NITER) 

SO( J)  = SOfiT<  SUH2/FLOAr(NITER)-AV< J)**2) 

30  CONIINUE 

00  AO  1=1.  10 
AO  A(80»I )=ASAVE( I) 

CALL  PREFILIA.O) 

CALL  GUSTIAI 
CALL  COMTRKIA.O) 

RETURN 

ENO 

*OECK  RNUM 

r,*«**«A*******4i**A*4<«4i*A*A*««A**««*A*«A*********«*««A***«i****«  ****«***«* 

FUNCTION  RNUMIA.K.J) 

A **««**«« ************** ********************************** **•*•«*«>** 

DIMENSION  A(200) 

C 

PI»3.  IA159265359 
RNUM=0. 

00  1 1=1, K 
ATOM=( A(J)API)**5 
Z=ATOM-INTI ATOM) 

AIJI*Z 

1 RNUM=RNUMaZ 

RNUM»RNUM/FL0ATlK)-0.5 

RETURN 

END 

•DECK  PREFIL 

C****A **••••••*«•••••*♦•*•••*•*••••*•*••••••••**•*•*•••••*••*•*••***•••• 

SUBROUTINE  PREFILIA.KI 

C •••*****••**••*•*****•**•***•*****•**•*•••****••**••• ••••••*••••••*•••• 

DIMENSION  AI200) 

COMMON/RANOON/RI<8,3).RF( 8,3) 

C 

DT=A( 12)*A( 1) 

OELT»A.»A.*OTaOT*OT 

AO=A./OELT 

Bl=I8.-2.*0T*DT)/0ELT 
B2« I -A.»A.*DT-OT*OT) /DELT 
DO  I 1*1,8 
DO  1 J=l,3 
RI(I,J)=0. 

1 RF(I,J)=0. 

RETURN 

C 

ENTRY  PRE 

RFIK,  1)«A0*IR1IK,1)-2.*RIIK,2)«RMK,3))AB1*RFIK,2)»B2*RF(K,3) 

RETURN 

ENO 

•DECK  GUST 

c****************************** •••••••«•*••••••*•••••••••••••••••*•••*•• 

SUBROUTINE  GUST(A) 


253 


c 


c 


c 


DIMENSION  A(200) 

COMMON/RANOOM/Ri(8i3)tRFI 8*31 

COMMON/GUSTS/UGUST«VGUST« WCUST. PC UST>OGUSr»RGUST 

T=A( 1) 

T2*T*T 

V0^S0RTIAI75)**24-AI  76)**2) 

FLV>A( Al)/VO 
FLV2*FLV**2 

RPV>  A ( 42 ) /I  VO*  3. 141 592 653  59) 

R32«3. 464101615 

DELT»2.*FLV*T 

AU*T/OELT 

eu*t  2.*FLV-T)/0EI.T 

0ELT«8.*BPV*T 

AP*T/DELT 

BP*I B.*BPV-T)/OELT 

AO=(2./VO)/OELT 

BO«BP 

DELr=6.*BPV*T 

AR=I-2./V0)/DELT 

BR><6.*BPV-T)/0ELr 

0ELT-4.*FLV2*4.*FLV*T*T2 

A0« ( R32*FLV*T4T2) /OELT 

Al«2.*T2/DELT 

A2»(-R32*FLV*T*T2)/DELT 

Bl*(8.*FLV2>2.*T2)/0EiT 

B2»(-4.*FLV2*4.*FLV*T-T2»/DELT 

UGUST<0. 

VGUST»0. 

WGUST-0. 

PGUST»0. 

0GIJST*0. 

RGUST-0. 

UC0>0. 

VC0«0. 

VGl-0. 

WG0«0. 

WG1>0. 

PG0*0. 

0C0>0. 

M00>0. 

RGO-0. 

VR0«0. 

RETURN 


ENTRY  GUSTU 
UG1*UG0 
RN0-RF(1. 1) 

RN1-RFI1.2) 

UC0*AU*IRN0*RN1I*BU*UC1 

UGUST-UGO 

RETURN 
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c 

ENTRY  GUSrv 
VG2»VGl 
VG1«VG0 
RN0>RF|2tl) 

RN1-RF(2.2} 

RN2«RF<2,3} 

VG0>A0*RN0>A1*RN1*A2*RN2»B1*VG1«B2FVG2 

VGUST-VGO 

RETURN 

C 

ENTRY  GUSTW 
MG2*WG1 
WGl>WGO 
RNO*RFf 3t II 
RN1-RFI3.2) 

RN2*RF(3t3} 

MGO- A0*RN0«Al*RNl»A2*RN2«^Bl*WGl«B2*MG2 
WGUST-WGO 
RETURN 
C 

ENTRY  GUSTP 

PGl«RGO 

RN0«RF1A.1) 

RNl«RFI4.2) 

PGO-AP*IRNO»RNn*BP*PGl 

PGUST-PGO 

RETURN 

C 

ENTRY  GUSTG 
OGl«OGO 
W01«W00 
W00-W6UST 

OGO*  AO*  I WQO-WQl)  «>BO*OGl 
OGUST>OCO 
RETURN 
C 

ENTRY  GUSTR 
RGl-RGO 
VRl>VRO 
VRO»VGUST 

RGO«AR*(  VR0-VR1)«-BR*RG1 

JtGUST>RGO 

RETURN 

END 

•DECK  CONTRK 

C*************************************************** 

SUBROUTINE  CONTRKIA.LI 

C*************************************************** 

OINENSION  A(200)fA0l2)fAll2l«A2(2l*Bt(2ltB2l2l 
COMNON/RANOOM/RIIStSItRFI B*3» 

CONNON/TRACK/CTI 2*31 •CtLAT«CTLON*CTLATO.CTLONO 
C 

T-ACll 
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00  5 I>lt2 
J»126»4*I I-ll 
AA^AIJ) 

EE>A( J»l) 

BB*A( J«2I 

A0m  = «2.AAA*T»EE*T*T)/0ELT 
Alt  I MI2.*EE*r*n/0ELT 
A2I I l«l-2.*AA*T+EE*T*Tl/0ELT 
Bl( I )»I8.*BB*BB-2.*T*TI/0ELT 
82»  n»<-A.*BB*BB»4.*BB*T-T*T»/0ELT 
DC  5 K>lt3 
5 CT<I.K)»0. 

CTLAT»0. 

CTLON*0. 

CTLATD*0. 

CTL0N0»0. 

RETURN 

C 

ENTRY  CTRACK 
J*L*A 

CT(L.1I>A0(L)*RF(  Jtl)4^Alf  LI*RF(  J.ZI^AZiD^RFIJtJ) 

1 ♦BllLI*CT<L«2l4-B2(L}*CT(Lf3) 

RETURN 

END 

*0ECK  LAG 

C****««***«***««**«**********««**********«******««*4t*«>*********4i***«*4>«« 

SUBROUTINE  LAC(AtK) 

C********4>*************4>******«*****«**«>«««*9**********«'******4>*****4>*4i« 

DIMENSION  A(200)«A0I4) .Bl<4) 

COMMON /L  AGS/OLAG( 4«2 ) tGLAGf 4«2) 

C 

T*A( 1) 

DO  5 l«U4 
TAU>A(24>1I 

IF  (I.GT.2I  TAU-A<1304-n 

0ELT*2.*TAU*T 

AOI I I^T/OELT 

BlI I )«(2.*TAU-T)/DELT 

00  5 J*l,2 

DLAGI ItJl-0. 

5 GLAGn*Jt-0. 

RETURN 

C 

ENTRY  LAGOUT 

GLAGIK.U«A0(Kl*(0LAG(K(l)90LAGtK»2)l«>Bl<K)*GLAG(K»2) 

RETURN 

END 

•DECK  AUGMNT 

C*********************************************************************** 

SUBROUTINE  AUGMNTf A.Q.R ) 

C*********************************************************************** 

OINENSION  Af200lt0(2ltR(2l 
COMMON/STICR/OAfOEtORtOEAUGtORAUG 


c 

0ELT  = 1.*^A(  1) 

RA*1./0ELT 
RB-<  l.-A(  in/OELT 
OELT=.  16^A(  1) 

EA*.  16/OELT 

EB=( .16-A( m /OELT 

R2=0. 

DR2=0. 

02*0. 

OE2=0. 

RETURN 

C 

ENTRY  AUG 
R1*R(  U 

0R1*RA*(RI-R2I^RB*0R2 
0RAUG*0Rl*AC196l 
0R2=D«l 
R2=R  I 
C 

0l*0(  II 

0El=EA«'(Ul-02)+EB*0E2 
0EAUG*0E1*A( 194I>01*A( 195) 

DE2»0El 

02*01 

RETURN 

END 

•DECK  REEVES 

C_0************  *****************  ***************************************** 

SUBROUTINE  REEVESIAI 

C *****  ******  A*  *************«*«i******************4'****'******************* 

DIMENSION  A<200),AVI6) »S0I6) .ASAVE<9) ,RN(9*3) ,GC|9t3) t 
1 S1X(3)*S2XI3)*S1Y2(3) •S2YZI 3) .SXYZ<3) 

CONMON/GUSTS/UGUST,VGUST»ltGUST.PGUST.QCUST.RGUST 
C 

FILT  1IR0.R1.G1I«A10*(R0*R1)*B11*G1 
FILT2(R0tRl.Gl)*A20*(R0*R 1)*B21*G1 
F ILT3(R0fRl«Cl»G2)«A30*(R(>-Rl)*B31*Gl*B32*G2 
F ILT A(R0«RltR2*GltG2l-AA0*RO*A91*Rl*AA2*R2*B41«Gl*B42*G2 
C 

T*AI  II 

ISUM*A(3)*.l 
NITER*A( 2)*.l 

FL*AIA1)/S0RT|A(75)**2*A<  761**21 
FL3*FL*SQRTI3.) 

0Etr*2.*FL*T 

A10»T/0ELT 

BI1*(2.*FL-TI/0ELT 

0eLT*4.*FL*T 

AZO-T/DELT 

B2l*(4.*FL-TI/0ELT 

0ELT«16.*FL*FL*8,*FL*T*T*T 

A30*2. *1/0617 

B31-  I 32.*FL*FL-2.*T*T)  /OEU 
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I 

I 

B32»t-l6.*FL*FL»8-*fL*T-T*TI/DELT 

0eLT»4.*FL*FL»4.*FL*T»T*T 

A40=(2.*T*FL3>T*T)/DELT 

A4la2.*T*T/0ELT 

AA2» »-2.*T*FL3^T*TJ/OELT 

BAl»(8.*FL*FL-2.*T*TI/0ELT 

, B42*(-4.*FL*FL*4.«>FL*T-7ATI/0£LT 

C 

DO  1 I*lt9 
ASAVE(  n«A(90«I  t 
DO  I J=lt3 
RN(I.J)=0. 

1 GC(I*J)-0. 

DO  3 I>lf3 
SIXI  I)>0. 

S2X( t )=0. 

SlYZt 1 t-0. 

S2YZ(  ll»0. 

3 SXYZ«l»=0. 

DO  4 1=1.6 
AV(  1 1 = 0. 

4 SO(I)=l. 

C 

DO  20  (T-l. NITER 
DO  10  1=1,9 

10  RNtl  . 1I  = RNUM(A,  ISUN,904n 

GC(  I.D^FILTIIRNI  l*l)*RNI  1 *2 1 •&€ 1 1 *2 1 ) 

GC<  2.1I=F1LT21RN(2, l),RN(2t2).GC(2.2l ) 
GC(3.l)=FILT2IRNI3.1)*RNI 3.2) .GCl 3,21 ) 
GC(4.1I-FILT1(RN(4, 1),RN( 4,2) ,GC(4,2) ) 

GCI5. l)«FILT2IRNIS,l),RNf  5,2 ) .GCl 5.2) ) 

GC(6. 1)=FILT21RN(6, 1)*RNI 6»2) ,GC(6,2) ) 

GC<7.1)  = FILT4(RN(7,1).RNI7,2),RN(7,3I , GCl  7, 2) , GCl 7,31) 
GC(8.i)  = FILr2(RN(8.1).ftM  8.2) ,GC(8,2) ) 
GC(9.1)-FILT3(RN<9,i),RN( 9, 3). GCl 9, 2) .GCl 9, 3)) 

DO  15  1=1,3 
J«3*I-2 

SIXI  I)=SlXII)4GClJ,t) 

S2XI  1)=S2XI  1)4GCC J.l)**2 

SIYZI  1)*S1YZ(  l)*-GCIJ4l,l)*GCI  J42,l) 

S2YZin=S2YZI  I)»IGC1  J»1,1)4GCI  J»2,l))**2 
15  SXYZI  n-SXVZII)»GCI  J,1)*CCU«^1,1)*CCI  J«^2,l) 

DO  20  1=1,9 

I RNI1.3)*RNf 1.2) 

I RNII.2)-RN(1.1) 

f GCII,3)-GCII,2) 

20  GCl  I,2)-GCII.l) 

COUNT«FLOATINITER) 

J«0 

DO  30  1=1,5, 2 
J«J>1 

AVI  I )=S1XIJI/C0UNT 

30  SOI  I )«S0RT(S2XI JI/COUNT-AVf 1 )**2) 

‘ J=0 


THIS  PAOB  IS  BBS!  QUALITY  PRACJlCAPlJ 

IBIOMCOPYBURWSH£!DIODD,C. 


258 


00  35  I»2t6*2 
J=J+l 

AVI  I )-SlYZ( J)/COUNT 

35  SD( I )*S0RT(S2YZ( J)/C0UNT-AV( ll**2i 
00  <»0  1=1,9 
A(904I )=ASAVE( I ) 

00  40  J=l,3 
RN( I . J 1 = 0. 

40  GC(I.J)=0. 

RETURN 

C 

ENTRY  GUSTUR 
DO  70  1=1,3 

70  RN(I,ll  = RNUM(A,ISUM, 904^11 

GC( 1,1)=EILT1(RN(1, l),RN(  1,2I,GC(1,2) I 
GCI2, ll=FILr2(RN<2, L»,RN( 2,2) ,GC( 2,21) 
GC(3,1)=FILT2(RN(3,1),RN( 3,2),GC{3,2) ) 

UGUST=(GC( I, 1I-AV( 1) l/SO( I >4 (GC ( 2 . 1 ) «GC(3 , 1 ) - AV( 2 ) ) /S0(2 I 
SCL=S0RTI2.42.*(SXYZ4 l)/CCUNT-AV(l) *AV(2) ) /( SOI  1 ) *S0(2) ) ) 
UGUST=UGUST*A(37I/SCL 
00  75  1=1,3 
RN( I ,3)=RN( 1,2) 

RN( I ,2)=RNI 1,1) 

GCI  I ,3)  = GC(  1,2) 

75  GCI I ,2)=GCI I, 1) 

RETURN 

C 

ENTRY  GUSTVR 
00  80  1=4,6 

80  RN(I,ll=RNUHIA,ISUH.904l) 

GCI4. l)=FILri(RNf4,l),RNI 4,2 ) ,GC ( 4 ,2 ) ) 

GC(5,1)=FILT2(RN(5, 1),RN( 5,2) ,GC( 5,2) i 
GCI6, 1)=FILT2IRN|6, 1),RNI 6,2) ,GC(6.2) ) 

VGUST=(GC(4, 1 )-AV<3) )/ SOI  3)4 (GCI 5, I ) 4GC(6 , 1 ) -AVI  4 ) ) /S0(4 ) 
SCL=S0RTI2.4  2.*(SXYZ(2)/CCUNT-AVI3) *AV(4) )/l SOI  3 ) *S0(4) ) ) 
VGUST=VGUST*AI38)/SCL 
DO  85  (=4,6 
RNI I , 3)=RN( 1,2) 

RNI I ,2)=RN( 1,1) 

GCI I ,3)=GC( 1,2) 

85  GCI 1,2)=GCI 1,1) 

RETURN 

C 

ENTRY  GUSTWR 
00  90  1*7,9 

90  RNI  I , 1)*RNUM(  A,  ISUM,904n 

CC(7, 1)=FILT4(RN(7, 1),RN( 7, 2), RNI 7, 3)  , GCI 7,2) ,GC(7,3) ) 
GC(8,1)=FILT2IRN(8, 1),RN( 8, 2), GCI 8, 2) ) 

GCI9,1I  = FILT3(RN(9,1).RN(9,3),GCI9,2)  , GCI 9, 3) ) 

WGUST  = (GC( 7,1) -AVIS) )/S0( 5)4 1 GCI 8, 1 ) *GC(9, 1 )- AVI  6) ) /S0I6 ) 
SCL=S0RT(2.42.*(SXYZI3)/C0UNr-AV(5) «A VI  6) ) /( SOI  5 ) *S0(6) ) ) 
WGUST=WGUST*AI39)/SCL 
00  95  1=7,9 
RN(1,3)=RN( 1,2) 
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RN(  1 .2i’=RN(  1,  li 
CC( I .3t=GC( I . 21 
95  GC( I .2)  = GC(  I, 1) 

RETURN 

END 

♦DECK  INOUT 

*********************************  **0****00********t** 

SUBROUTINE  INOUTI 11 

C000000000000000000000000000000000000000000000000000000000t^000*t0000000 

DIMENSION  L(4)fTI4) t VARNAMI 50 ) . YN( 2 1 

COMMON/SYSCOM/AI 2001  ,OFLA T .OFLON t DF SI OE fF MSTR ,F MSIP t F MST S , 

1 AVGI*STO I .RMSI «SKWI .PKOI .N1 . 1 COUNT 


DATA 

VARNAN/4H 

U,4H 

,4H 

V,4H 

,4H 

M,4H 

1 

4H 

P,4H 

.4H 

0,4H 

,4H 

R,4H 

2 

4H 

P.4HH1 

• 4H 

TH.4HETA 

.4H 

P,«HSI 

3 

4H 

AL,4HPHA 

.4H 

BE,4HTA 

,4H 

U 

G,4HUST 

'♦ 

4H 

V G,4HUST 

,4H 

H G,4HUST 

,4H 

P 

G,4HUST 

5 

4H 

0 G,4HUST 

,4H 

R G,4HUST 

,4H 

LAT,4H  CT 

6 

4H 

L0N,4H  CT 

,4H 

LAT,4H  FRR 

,4H 

L0N.4H  ERR 

7 

4H 

RA0.4H  ERR 

.4H 

0.4HA 

,4H 

0.4HE 

8 

4H 

0,4HR 

/ 

DATA 

YN/4H 

YES, 

4H  NO  / 

GO  TO 

!1,2. 

3,4, 

5,6, 7 ,8,9, 

10, 

11,12)  ,1 

1  CONTINUE 

WRirE(2.201l 
201  FORMAT! IHl) 

IF  ( A! 125).Lr.l.£-5.AN0.A(l29),LT.l.E-5I  WRI TE ( 2 ,200 1 ) 

2001  F0RMAT(20X,*+*^  PHI-THETA  ATTITUDE  STABILIZATION  *♦♦»/! 

ITR=A(5l-,l 

IF  I (AI125}.GT.I.E-5.0R.A(129).GT. l.E-5).AN0. ITR.EQ.OJ 
1 HRITEI2,2101) 

2101  F0RMAT(l5X.*+*+  PHI-THETA  COMMAND  TRACKING  I COMPENSATORY  I 0*0*/) 

IF  (ITR.EQ.-l)  WR1TE(2, 22011 

2201  FORMAT!  15X,«»»4^  PSl-THETA  COMMAND  TRACKING  ! COMPENSATORY)  0000/) 
IF  IITR.E0.-2)  HRITEI2, 23011 

2301  F0RMAT!18X,*^  + * PSI-THETA  COMMAND  TRACKING  IPURSUIT)  ♦«•♦*/) 

NUM1T=A! 2»*.2 
JSUM*A!3l*.l 

HRITE!2,101)  All) tNUMIT.JSUM 

101  FORMAT!*  FRAME  TINE  **,F5.3,5X,*ITERATI0NS  >*,I5,5X, 

1 ARANOOM  NUMBERS  SUMMED  ^*,13/1 

WRITEI2.301) 

301  FORMATIISX,****  LONGITUDINAL  STABILITY  DERIVATIVES  *4^**) 
WRirE!2,401)  IA!K),K-60,7A) 

401  FORMAT!*  XU<*  , IPOIO.  3,  * XW>*,D10.3f*  XWO’>*  ,0 10.  3 , * XQ**, 

1 010.3,*  XOE-*«OL0.3/*  ZU«*,D10.3,*  ZW<*,010.3,*  ZMO«* 

2 ,D10.3«*  ZQ>*«010.3,*  Z0E«*,010.3/*  MUs*,010.3,*  MW>* 

3 ,010.3,*  MWO«*,010.3,*  NQ>*,010.3,*  H0E«*,010.3/ ) 

HRITEI2,501) 

901  F0RMATI21X,****  LATERAL  STABILITY  DERIVATIVES  *4**) 

MRITE!2,601)  !A!K) ,K*49,95) 

*01  FORMAT!*  VV«**1F010.3,  * YP«*,010.3**  YR=>*,010.3,*  YDA>*, 

1 010.3,*  YOR-*, 010.3/*  LV«*,010.3,*  LP-*,010.3,*  LR»*, 


T 


2 nio.3.*  ls}A=*.010.3.*  L0R=*.010.3/*  NV=*.010.3.*  NP=* 

3 ,010.3,*  NR=*,010.3,*  NO A=* ,01 0. 3 , ♦ NOR=*,OlO .3/ J 

WRITE(2.70l)  A(  80),A<  75)  .A<76l  4 

701  FORMAT!*  THETA0=*,F5.2, * OEG*, 5X , *00= *,F6. 1 , * F T/SEC* ,5X , *hO =*, 

I F6.1,*  Fj:/-sec*r/j 

WRITE(2,30-t3'S1[  77I,A(  78)  , A<  79) 

801  FORMAff*  IXX  =*,  IPD  10.  3,4X,  *I  7 Y =*,  01  0.  3 ,<,X  , *1  22  =*,010. 3, 4X, 

1 14H!FT-LB-SEC**2)/ » 

IF  ( A( 125).GT.l.E-5.0R.A( l29).GT.l.E-5)  WRITE(2,901) 

1 (AIK)  ,K=125,132) 

901  FORMAT!*  COMMANO  TRACKING  F I LTE RS* , 7X  , *K* , 1 1 X ,*A *, 1 IX ,*E* , I IX , 

1 *B*/12X,*LATERAL*,6X,4{3X,IP09.2)/12X,*LUNGITU0INAL  *,. 

2 4!3X,1PD9.2)/) 

IF  ( A!  I4).LT.0.I  WRITE(2. 1001)  A!12) 

1001  FORMAT!*  COMMANO  TRACKING  PREFILTER  ♦♦♦  0 =*,F4.2/) 

IF  ! A! 37).LT. l.E-5.AN0.A( 38) . L T . 1 .E-5 . AND. A! 39 ) . LT. 1.E-5.AN0. 

1 A(40).Lr.l.E-5)  GO  TO  9901 

IF  (A!6).GE.O.)  WRITE(2,1101)  ( A! K) ,K=37,40) 

1101  FORMAT!*  ORVDEN  GOST  GAINS  ♦*  U=* , 1 P09. 2 , 3X , *V=*,D9 .2, 3X , ' 

1 *W=*,09.2,3X,*P=*,09.2/) 

IF  !A(b).LT.O.)  WRITEI2.1501)  A! 37 ) , A ! 38) . A! 39 ) 

1501  FORMAT!*  REEVES  GUST  GAINS  ♦♦  U=*, 1P09.2 ,3X,*V=*,09.2 ,3X , 

1 *M=*,09.2/) 

V0G=YN(2) 

IF  !A(43).LT.0.)  V0G=YN!1> 

VRG=YN(2) 

IF  I A!44).LT.0.)  VRG=YN( 1 ) 

IF  ( VOG. EG. YN I 1). OR. VRG.EO. YN! 1). OR. A I 40) .GT.l. E-5) 

1 WR1TE(2,1201)  VQG,VRG,A(42) 

1201  FORMAT!*  0GUST7  *,A4,4X,*RGUST?  *, A4,6X,*WINGSPAN  =*,F6.1.*  FT*/) 

WRITE! 2, 1301)  A(41) 

1301  FORMAT!*  SCALE  LENGTH  **,F7.1,*  FT*/) 

IF  ! A! 13).LT.O. ) WRI TE I 2.  1401 ) A(12) 

1401  FORMAT!*  GUST  PREFILTER  ♦♦♦  0 »*,F4.2/) 

9901  CONTINUE 

WRITE (2. 1601)  A1 17).A! 18) ,A( 19) ,A(21) ,A(22) ,A(23) ,A(25),A(26) , 

1 A! 29). A! 30) .A! 31 ) ,A! 32) , A! 33 ) , A! 35 ) , A! 34) ,A( 36) , 

2 AI 137) .A! 138) 

1601  FORMAT!*  PILOT  MODEL  P ARAMETERS* , 5X , *LATERAL* , 4X ,*L UNGITUDI NAL*, 

1 3X,*HEA0ING*/3X, •PILOT  GAIN*,10X,3(4X, 1P09.2)/3X. 

2 *PILOT  LEAO*,10X,3(4X,D9.2)/3X,*PILOT  LAG*, I IX ,2! 4X  ,09 .2) / 

3 3X,*PIL0T  DELAY*, 9X. 2(4X, D9.2) /3X, ♦URGENCY  DELAY*, 7X, 

4 2I4X.09.2)/3X,*ALPHA*,15X,2(4X.09.2) /3X.*BETA*,16X, 

5 2(4X, 09. 2)/3X. •REMNANT  GAIN* ,8X ,21 4X ,09. 2 ) / ) 

IF  ( A(198).GE.0..AN0.A( 15).LT.O.)  WR I TEI 2 , 1701 ) A(12) 

1701  FORMAT!*  REMNANT  PREFILTER  ♦♦♦  D =*,F4.2/) 

IF  (A(143).GT.l.E-5)  WR I TEI 2 , 2401 ) A!143) 

2401  FORMAT!*  SIDE  TASK  URGENCY  = *.F7.4/) 

IF  ! A!  193).LT.0.)  WRI TE ! 2.1801 ) A! 194)  , A! 195) , A! 196) 

1801  FORMAT!*  AUGMENTER  GAINS  ♦♦♦*,4X,*KA  =*,F7. 3 ,4X ,*KV  «*.F7.3,4X. 

I •KY  «*,F7.3/) 

IF  !AI133).GT.1.E-5.0R.A! l34).GT.l.E-5)  WR I TE ! 2 , 1901 1 A! 133) , 

1 A! 134) 

1901  FORMAT!*  CONTROL  SYSTEM  LAGS  ***  LATERAL  =*,F6.3.5X, 
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1 *CONCITUOINAL  >*.F6.3/) 

GO  TO  999 

2 CONTINUF 
WRITE! 2. 102) 

102  F0RMAT!IX,80(*^*)/) 

GO  TO  999 

3 CONTINUE 
WRITE(2. 103)  ICOUNT 

103  FORMATI/LSX. SYSTEM  DIVERGED  AFTER*«I6.«i  ITERATIONS  **^*//i 
GO  TO  999 

A CONTINUE 

WRITEI2t lOA) 

lOA  F0RMAT<//30H  LATERAL  URGENCY  DELAY  TOO  BIG//) 

GO  TO  999 

5 CONTINUE 
WRITE<2. 105) 

105  F0RMAT(//35H  LONGITUDINAL  URGENCY  DELAY  TOO  BIG//) 

GO  TO  999 

6 CONTINUE 
WRITE! 2* 106) 

106  FORMAT!//33H  LONGITUDINAL  PILOT  DELAY  TOO  BIG//) 

GO  TO  999 

7 CONT  INUE 
WRITE! 2. 107) 

107  FORMAT!//28H  LATERAL  PILOT  DELAY  TOC  BIG//) 

GO  TO  999 

8 CONTINUE 
WRITEI2. 108) 

108  FORMATI//25H  LOGIC  ERROR  IN  SWITCHING//) 

GO  TO  999 

9 CONTINUE 

WRITE! 2. 1 109)  OFLAT*OFLON  .OF SIDE  .FMST R .FMSTP .FMSTS > A 1 27) 

1109  FCRMAT!6X,*0WELL  FRACT IONS*. 1 AX, *ME AN  DWELL  TIMES*. 9X, 

1 *MINIMUM  DWELL  TIME*/3X. *LAr * . SX ,*LONG * .5X . *S I OE* .SX . 

2 *LAT*.6X,*L0NG*,6X,*SI0E*/IX,F6.A.3X,F6.A.3X,F6.A.AX,F7.A. 

3 3X,F7.A,3X,F7,A,10X,F5.3/) 

GO  TO  999 

10  CONTINUF 
WRirE(2, 110) 

no  FORMAT!*  VAR  I ABLE*.6X«  *HE  AN*  .8X . *STO.  DEV.  *,8X  . *RMS  *.8X  , 

I *SKEWNESS*.5X.*PEAKE0NESS*/) 

GO  TO  999 

11  CONTINUE 
NAME=2*N1-1 

WRITE!  2.  Ill)  VARNAM(NAME)  .VARNAMINAME*-!)  .AVGI  ,STDI  .RNSI.SKWI . PKDl 

111  F0RNAT!1X,2AA,3X. IPOIO. 3, A! AX. 01 0. 3 ) /) 

GO  TO  999 

12  CONTINUE 
IST0P»0 

112  REA0I7.212)  (LIK).T(K) .K»1.A) 

212  FORMATIAI IA.F12.0)1 

IF  IE0FI7I)  998, A12 
A12  DO  312  M«1,A 

IF!L1M).EO.O)CO  TO  312 
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IF(L (MI.LT.CJ ISTOP»l 
LOG- lABSILIM) ) 
A(LOC»=TIMI 

IFI  ISTOP.EO.IICO  TO  '999 
312  CONTINUE 
GO  TO  112 

998  STOP 

999  RETURN 
END 
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